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ABSTRACT 
This thesis describes the results of an investigation into the population genetic structure 
of the blue swimmer crab, Portunus pelagicus, in Australian waters. P. pelagicus is an 
Indo-West Pacific species, with adults and juveniles that inhabit sheltered benthic 
coastal environments and a planktonic phase (of modest duration) in its life cycle. 
 
The investigation was done by examining the patterns of variation at six microsatellite 
loci and in a 342 bp portion of the cytochrome oxidase subunit I (COI) gene in the 
mitochondrial DNA in samples of Portunus pelagicus from a total of 16 different 
assemblages/waterbodies. Overall, the samples were collected from throughout the 
geographical range of this species in Australian waters, i.e. from the western seaboard, 
from the eastern seaboard, from Darwin on the north coast and from South Australia on 
the south coast. The samples sizes ranged from 4 to 57 individuals, depending on the 
sample and the genetic assay. The population genetic structure of P. pelagicus was 
analysed from both a traditional population structure perspective and from a 
phylogeographical and historical demography perspective. 
 
The traditional assessment of the population genetic structure of Portunus pelagicus 
indicates that this species exhibits a significant amount of genetic heterogeneity in 
Australian waters (e.g. FST for microsatellite data = 0.098; θST for COI data = 0.375 and 
ΦST for COI data = 0.492). This assessment also indicates that P. pelagicus exhibits 
varying degrees of genetic heterogeneity within and between geographical regions in 
Australian waters, as follows. (1) The genetic compositions of the samples from the   II
different coastlines (i.e. north, south, east and west) invariably showed statistically 
significant differences for at least two microsatellite loci, although the differences 
between the samples from the eastern seaboard, Darwin and those from the western 
seaboard to the north of Port Denison were not as great as those within the western 
seaboard samples or within South Australian samples. (2) The genetic compositions of 
the samples from the assemblages on the eastern seaboard of Australia, which ranged 
from Mackay (21º06′S) to Port Stephens (32°40′S), were essentially homogeneous. (3) 
The samples from the assemblages on the western seaboard of Australia, which ranged 
from Broome (17°58′S) to Geographe Bay (33°35′S), exhibited significant levels of 
genetic heterogeneity. Furthermore, those from south of Port Denison formed a highly 
distinctive (but not invariant) group compared to those from elsewhere. (4) The samples 
from South Australia were also highly genetically distinctive compared to those from 
elsewhere, although they also showed significant heterogeneity amongst themselves.  
The above findings were more or less suggested by both the microsatellite and COI 
markers, although the former generally provided a higher resolution picture of the 
population structure of P. pelagicus than did the latter.  
 
The main findings of the investigation into the phylogeography and recent demographic 
history of Portunus pelagicus in Australian waters were as follows. (1) A phylogeny 
constructed from COI sequence variation was shallow, with the lineages showing varied 
geographical distributions. (2) The results of a nested clade analysis of this variation 
indicate that range expansion has been a predominant influence on the historical 
demography of P. pelagicus in Australian waters. (3) The samples from the 
assemblages on the western seaboard to the south of Port Denison contained low levels 
of genetic diversity, a sub-set of the diversity present in the samples from lower latitude 
sites on the western seaboard, and microsatellite-based evidence of having coming from   III
assemblages that have undergone a bottleneck (or founder effect) followed by an 
expansion in size. (4) The samples from the assemblages in South Australia contained 
low levels of genetic diversity, phylogenetic affinities with samples from the eastern 
seaboard, and microsatellite-based evidence of having coming from assemblages that 
have undergone a bottleneck (or founder effect) followed by an expansion in size. 
 
The two major interpretations to stem from the results of this investigation are as 
follows. (1) Overall, Portunus pelagicus has undergone a recent (in an evolutionary 
sense) range expansion, from a single source, within Australian waters. At a finer-scale, 
this species appears to have colonised south-western Australia from a lower latitude 
site(s) on the western seaboard and probably colonised South Australia from the 
southern margins of its range on the eastern seaboard. Regardless, there has been 
limited penetrance of genetic variation into temperate waters on the western seaboard 
and into South Australia, presumably due one or more of the barriers to gene flow listed 
below. (2) P. pelagicus experiences significant restrictions to gene flow within its 
present-day geographical range in Australian waters due to (i) geographic distance per 
se; (ii) discontinuities in the distribution of the sheltered coastal environments; (iii) 
hydrological barriers to dispersal and (iv) possibly low temperatures in the temperature 
margins of the range. 
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CHAPTER 1. GENERAL INTRODUCTION 
Widespread marine organisms with pelagic larval stages are traditionally expected to 
show little, if any, population sub-division, even over large distances (e.g. Palumbi 
1992). This is expected on the basis that (i) such species are thought to have large 
effective population sizes and very high capacities for dispersal and (ii) unlike terrestrial 
and freshwater systems, there are few absolute barriers to dispersal in the marine 
environment (Palumbi 1992). Recently, however, a growing number of studies have 
shown results that challenge this traditional view (Hedgecock 1986; Avise 1994; 
Palumbi 1994; Hilbish 1996 and below). For example, a number of studies have shown 
the presence of significant amounts of genetic heterogeneity in a broad range of marine 
invertebrates that were previously thought to have no or very little genetic 
differentiation over large geographical scales. These examples include the starfish 
Linckia laevigata (Williams & Benzie 1996, 1997), the prawn Penaeus monodon 
(Benzie et al. 1992, 2002; Duda & Palumbi 1999), the giant clam Tridacna maxima 
(Benzie & Williams 1997), and the crown-of-thorns starfish Acanthaster planci (Benzie 
1992, 1999; Benzie & Stoddart 1992). 
 
Partly as a consequence of the unexpected results noted above, recently attention has 
been focused on questions about the factors that promote genetic divergence in marine 
ecosystems and about the time-scales over which these factors operate. Several factors 
may be important, including: 
-  the absence or presence of pelagic larval stages (e.g. Kyle & Boulding 2000);  
-  the duration of any pelagic larval development (e.g. McMillan et al. 1992);     Chapter 1 
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-  larval and/or adult behavioural mechanisms, such as the cyclic vertical movements 
of certain crustacean larvae throughout the water column, which can promote the 
retention of larvae in a particular area (e.g. Burton & Feldman 1983; Cronin & 
Forward 1986); 
-  regional oceanic currents and other hydrodynamic forces (e.g. Bernatchez & Martin 
1996; Rocha-Olivares & Vetter 1999); 
-  availability of favourable environments (e.g. Johnson & Black 1995; Riginos & 
Nachman 2001); 
-  selection (e.g. Burnett et al. 1994); 
-  historic vicariance events, in particular those associated with Pleistocene sea-level 
changes (e.g. Lavery et al. 1996a; Dodd et al. 2002).  
Although each of the above factors has been identified as being important in generating 
differentiation in at least one isolated case, the relative importance of these various 
factors in promoting population differentiation in the marine environment in general is 
largely unknown (Hedgecock 1986; Palumbi 1994; Hilbish 1996). More information 
about more species is required in order to develop more meaningful generalizations.  
 
1.1  Study Species: Portunus pelagicus 
 
Portunus pelagicus (Linnaeus) (Crustacea: Decapoda: Brachyura: Portunidae: 
Portuninae), also known as the blue swimmer crab, has a wide Indo-West Pacific 
distribution (Kailola et al. 1993). It is essentially a tropical species (Smith 1982), 
although its distribution extends into temperate waters in some locations such as 
Australia. In Australia, this species is reported to occur in coastal waters ranging 
northwards from Cape Naturaliste (33˚37′S) on the western seaboard of Australia, 
across northern Australia and then down the eastern seaboard to Eden (37˚04′S) in    Chapter 1 
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southern New South Wales (see Fig. 1.1) (Kailola et al. 1993). However, the southern 
limit of its range in either eastern or western Australia has not been firmly established 
and could change over time. Certainly there are, for example, reports of P. pelagicus 
occurring in Victoria (e.g. Stephenson 1962), while juveniles/adults of P. pelagicus 
have been recorded in the Nornalup-Walpole Estuary on the south coast of Western 
Australia (Hodgkin & Clark 1988). Regardless, assemblages of P. pelagicus are known 
to occur in Gulf Saint Vincent, Spencer Gulf and the west coast region in South 
Australia (see Fig. 1.1) (Kailola et al. 1993; Bryars & Adams 1999). 
 
Figure 1.1 Map showing the distribution, represented by the shaded area of coastline, of 
Portunus pelagicus in Australian waters. Adapted from Kailola et al. (1993). 
 
 
The life-cycle of Portunus pelagicus includes a larval phase (four zoeal stages and one 
megalopal stage) and a crab phase (Bryars 1997). The planktonic larval stages of P. 
pelagicus last for ~17 – 23 days at 25°C (Bryars 1997). The larvae of P. pelagicus 
mainly occur in coastal waters (Bryars 1997). The juveniles and adults of P. pelagicus    Chapter 1 
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(i.e. the crab phase) are mainly restricted to shallow inshore, intertidal and estuarine 
environments (Smith 1982; Williams 1982; Kailola et al. 1993). 
 
Although the adults and juveniles of Portunus pelagicus are capable of swimming and 
move over relatively fine spatial scales, for example within a single water body or 
between an estuary and adjacent inshore, marine embayment (Potter et al. 1983; Potter 
et al. 1991; Bryars 1997), there is no evidence to suggest that they migrate among 
spatially isolated water bodies. Instead, the planktonic larval phase provides the most 
likely means by which individuals of this species would disperse from their natal 
assemblage. 
 
This study was focussed on the population genetic structure of Portunus pelagicus in 
Australian waters for the following reasons. Firstly, information on the population 
genetic structure of P. pelagicus provides the opportunity to investigate the patterns of 
dispersal in a widespread coastal species with juveniles and adults that occur sheltered, 
benthic-habitats and a modest planktonic phase in its life cycle. Secondly, P. pelagicus 
is both commercially and recreationally harvested in Australian waters (Kumar 1997). 
Information about the population structure of this species can be used to help 
discriminate stock boundaries and to assess the relationships among the different stocks 
in this species, i.e. has important implications for managing this species in Australian 
waters. 
 
    Chapter 1 
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1.2  Approach 
1.2.1  Molecular Methods 
 
The present investigation employed molecular markers to investigate the population 
genetic structure of Portunus pelagicus in Australian waters. In particular, it used two 
different types of molecular marker, namely microsatellite loci (nuclear DNA) and a 
portion of the cytochrome oxidase subunit I (COI) (mitochondrial DNA). 
 
1.2.1.1  Microsatellites 
 
Microsatellites are parts of the nuclear genome and therefore are biparentally inherited, 
and their evolution is influenced by the combined effects of recombination, gene 
conversion and mutations at unlinked loci (Hancock 1999). Unlike genes, 
microsatellites do not contain a genetic code that leads to the production of RNA and/or 
proteins (Queller et al. 1993; Estoup et al. 1998). Indeed, most microsatellite loci have 
no known function (Estoup et al. 1998; DeWoody & Avise 2000; but see Kashi & 
Soller 1999). Specifically, microsatellite loci comprise tandemly arrayed repeats of 
simple sequences (typically of 1 – 5 bp) and variation at single loci takes the form of 
different numbers of repeat units (Wright & Bentzen 1994; O'Connell & Wright 1997).  
 
Certain features of microsatellite loci, such as Mendelian inheritance, co-dominant 
expression of alleles, apparent selective neutrality (Queller et al. 1993; but see Gillespie 
2000a, 2000b), and high mutation rates (and thus high levels of polymorphism) justify 
the increasing use of microsatellite markers in population biology (e.g. Wright & 
Bentzen 1994; O'Connell & Wright 1997; O'Connell et al. 1998; Ruzzante et al. 1998;    Chapter 1 
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Shaw et al. 1999a; Brooker et al. 2000). Of particular relevance to this study is the fact 
that microsatellite markers can be used to provide significant information about both the 
recent demographic history (e.g. Kimmel et al. 1998; Garza & Williamson 2001) and 
population genetic structure of a species (see Hauser & Ward 1998). 
 
1.2.1.2  Mitochondrial DNA (mtDNA) 
 
Mitochondrial DNA (mtDNA) is a small, circular DNA molecule, occurring in many 
copies in the cytoplasm of cells.  
 
Its simple sequence organization (i.e. a lack of non-coding regions and introns), absence 
of recombination, and uniparental (usually maternal) inheritance make mtDNA an ideal 
marker for resolving deep and/or shallow phylogenies (see Geller et al. 1994). 
Furthermore, due to the high mutation rates of certain regions of the mtDNA (i.e. ~5 – 
10 times higher than the usual mutation rates of single copy nuclear DNA - see Brown 
et al. 1979), mtDNA is a rapidly evolving marker, which in turn makes it a powerful 
marker in population-level studies (e.g. Avise 1994; Beheregaray & Sunnucks 2001). In 
general, several regions of the mtDNA have proven to be useful for population-level 
studies (see Avise 1994; Féral 2002); this research has focussed on a portion of the COI 
region for the reasons explained in section 2.4.2.1. 
 
1.2.2  Analytical Methods 
 
In order to investigate the population genetic structure of Portunus pelagicus in 
Australian waters, traditional statistics such as FST, which make use of the number of    Chapter 1 
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alleles, their frequencies and their geographic distribution, have been applied to both the 
microsatellite and mtDNA COI sequence data. However, although yielding much useful 
information, a major shortcoming of this type of approach is that these traditional 
measures of population structure typically cannot be used to clearly distinguish between 
the influences of historical versus contemporary factors on the population structure of a 
species (see Templeton et al. 1995; Templeton 1998). 
 
Fortunately, recent advances in analytical methods have made it possible to develop a 
much more rigorous assessment of the nature and impact of historical influences on the 
population genetic structures of species (e.g. Wares & Cunningham 2001; Branco et al. 
2002; Churikov & Gharrett 2002). Such methods are now available for use with both 
microsatellite size variation and DNA sequence data. Recent analytical advances for use 
with microsatellite data, include the M ratio statistic (i.e. the mean of the ratio of the 
number of alleles to total range in allele size) to test for past reductions in population 
size (Garza & Williamson 2001), and the β index to test for past expansions in 
population size (Kimmel et al. 1998). Recent analytical advances for use with DNA 
sequence data include methods based on coalescent theory, such as nested clade 
analysis (see Templeton et al. 1995; Templeton 1998; Emerson et al. 2001). Such 
methods form an important part of the approach to the investigation into the 
phylogeography and recent evolutionary history of Portunus pelagicus in Australian 
waters described in this thesis. 
 
1.3  Aims & Thesis Rationale 
 
The general objective of the thesis was to investigate the population genetic structure of 
Portunus pelagicus in Australian waters. This investigation was conducted using the    Chapter 1 
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patterns of variation at six microsatellite loci and in a 342 bp portion of the COI gene in 
the mtDNA. The resultant information was used to infer the factors that might be 
important in restricting and/or facilitating dispersal in this species in Australian waters, 
as well as to infer the recent evolutionary history of this species in these waters. 
 
The purpose of this chapter, the general introduction, was to provide pertinent 
background information about the research topic. The thesis includes another five 
chapters, the compositions of which are as follows. Chapter 2, the general material and 
methods, contains information regarding the sampling design, the location and 
description of the study sites and laboratory methods. Chapter 3 describes the use of 
information from six microsatellite loci to investigate the population genetic structure of 
Portunus pelagicus in Australian waters. One of the main findings in this regard was 
that P. pelagicus exhibits varying degrees of population subdivision within and between 
geographical regions in Australian waters. Chapter 4 describes the use of sequence 
variation in the COI gene in the mtDNA to further characterise the population genetic 
structure of P. pelagicus in Australian waters. The COI data showed good, although not 
perfect, congruence with the microsatellite data. In particular, the COI data appear to 
provide a fundamentally similar, but lower resolution, picture of the population 
structure of P. pelagicus in Australian waters. Chapter 5 describes the use of both the 
microsatellite and mtDNA data to investigate the phylogeography and recent 
evolutionary history of P. pelagicus in Australian waters. The results for both of these 
data sets were consistent with the view that P. pelagicus has relatively recently (in an 
evolutionary sense) expanded its geographical range in Australian waters. Finally, 
Chapter 6 summaries the main findings of the individual data chapters. 
 
    Chapter 1 
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1.4  Relationship Of This Study To Other Portunus pelagicus Research 
 
My PhD research on the population genetic structure of Portunus pelagicus in 
Australian waters was conducted within the Centre for Fish and Fisheries Research at 
Murdoch University. All aspects of the COI (mtDNA) components of this PhD 
research, as reported in this thesis, are solely my own work, aside from supervisory 
input and except that this work has relied upon tissue samples that were collected by 
other people for the FRDC (microsatellite) project (see below).  The microsatellite-
based component of my PhD research was intricately linked with a project conducted 
within the Centre for Fish and Fisheries Research and funded by the Fisheries Research 
and Development Corporation (FRDC) – in particular, FRDC Project No. 118/98 
entitled “Genetic (microsatellite) determination of the stock structure of P. pelagicus in 
Australia”, with the final report authored by J. Chaplin, E. S. Yap, myself and I.C. 
Potter. In this section, I explain the relationship between the microsatellite component 
of my PhD research, as reported in this thesis, to the above FRDC project. 
 
The following provides a list of the five major items involved in the production of the 
microsatellite data, the analyses of these data and the presentation, interpretation and 
discussion of the associated results, as presented in this thesis, and describes my input 
into each item. 
 
1)  Sample collections: All samples of Portunus pelagicus were collected by other 
people as a part of the FRDC project - refer to acknowledgements for specific details. 
    Chapter 1 
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2) Microsatellite Primer Development: The primers for amplifying the microsatellite 
loci from Portunus pelagicus were developed by Emilia Santos-Yap as a part of the 
FRDC project and her own PhD research. 
 
3) Production of Microsatellite Data: I conducted all of the work (i.e. DNA extractions, 
PCRs, gel running, and scoring) associated with the production of the microsatellite 
data for the samples from South Australia and the eastern seaboard of Australia. 
However, Emilia Santos-Yap, as a part of the FRDC project and her own PhD research, 
generated most of the microsatellite data for the samples from the western seaboard of 
Australia. Emilia, whose PhD research on Portunus pelagicus is focussed solely on 
western seaboard assemblages, kindly made available to me her microsatellite data. 
Consequently, with both her western seaboard data and my data for assemblages from 
South Australia and the eastern seaboard, I have been able to provide an Australia-wide 
perspective on the population genetic structure of P. pelagicus.   
 
4) Collation and Analyses of Microsatellite Data: All of the collation and analyses of 
the microsatellite data are my own work.   
 
5) Presentation, Interpretation & Discussion of Microsatellite Data: Essentially, these 
were all my own work, aside from supervisory input. This is particularly so in the case 
of the microsatellite-based component of the investigation into the recent evolutionary 
history of Portunus pelagicus (Chapter 5). However, the investigation into the 
population genetic structure of P. pelagicus (Chapter 3) is based around the final FRDC 
report (which I co-authored - see above), although aspects of the presentation, 
interpretation and discussion of the results have been developed and modified from that 
report.    Chapter 2 
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CHAPTER 2. GENERAL METHODS 
2.1  Sampling Design 
 
The samples of Portunus pelagicus used in this study were collected mainly from three 
broadly different geographical regions in Australia, as follows: (i) the east (Pacific 
Ocean) coast; (ii) the west (Indian Ocean) coast; and (iii) South Australia, on the south 
coast. Within each of these geographic regions, samples were obtained from range of 
assemblages/locations, separated by a range of spatial scales. In the case of the western 
seaboard, samples were obtained from seven locations ranging from Broome (17º58′S) 
to Geographe Bay (33º35′S) (Fig. 2.1). In the case of the eastern seaboard, samples were 
obtained from five locations ranging from Mackay (21º06′S) to Port Stephens (32°40′S) 
(Fig. 2.1). In the case of South Australia, samples were collected from Gulf Saint 
Vincent, Spencer Gulf and the west coast region (Fig. 2.1). In addition, a small sample 
of P. pelagicus (n = 4) was collected from the waters off Darwin on the north coast of 
Australia. 
 
In most cases, a sample was collected from only a single site within a particular water 
body. However, in order to test for the presence of fine-scale, spatial genetic variation 
within certain assemblages, samples were collected from both (i) an inshore and 
offshore site in Moreton Bay in Queensland, (ii) a central and western site in Gulf Saint 
Vincent in South Australia, and (iii) an eastern and a western site in Spencer Gulf in 
South Australia (see Table 2.1).    Chapter 2 
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Figure 2.1 Map of Australia showing the approximate locations of the 16 sampled 
assemblages of Portunus pelagicus. 
 
 
In most cases, samples were collected from each water body on only one sampling 
occasion. However, two samples were collected from more or less the same site within 
each of the following five water bodies, Hervey Bay in Queensland, and Shark Bay, 
Port Denison, Cockburn Sound and the Peel-Harvey Estuary in Western Australia (see 
Table 2.1). The two samples from Hervey Bay were collected within days of each other 
and were used as replicate samples to assess the reliability of the microsatellite-based 
results of this study. The pairs of samples from each of the assemblages on the western 
seaboard were also used in this way. However, since these samples were generally 
collected about 12 months apart, they were not strictly replicates (see Table 2.1). 
 
Three features of the sampling design of this study warrant specific mention. (1) The 
sampling design was dictated to a large degree by funding considerations and 
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accessibility, which resulted in the study having a noticeable focus on economically 
important assemblages in temperate and sub-tropical latitudes. Certainly, it would have 
been preferable to include samples from additional sites on the north coast of Australia 
in particular, but this was not possible. This was due to a combination of reasons 
including: (i) collectors mistaking individuals of a morphologically similar but distinct 
species of Portunus, which co-occurs with P. pelagicus in the waters off the Northern 
Territory (Bryars & Adams 1999), for individuals of P. pelagicus; (ii) although 
sometimes landed incidentally or as by-catch, P. pelagicus is not specifically targeted 
by a fishery in northern waters (e.g. Calogeras 1997) and is therefore not readily 
available from the commercial sector or fisheries agencies; (iii) the region is vast, much 
of it remote and P. pelagicus is not very abundant in some places. The reality of these 
problems can be confirmed by Simon de Lestang (Fisheries WA, Perth), Mark Johnston 
(Fisheries WA, Broome) and Wayne Sumpton (Southern Fisheries Centre, Queensland).  
Nevertheless, despite the limited sampling of low latitude sites, samples were collected 
over a broad range of geographic regions, latitudes and spatial scales. (2) Since I was 
largely dependent upon other people for the collection of the samples, I had little control 
over the number of individuals collected from a particular assemblage and so ultimately 
over the sample sizes in the genetic assays. Certainly, only a small number of 
individuals of Portunus pelagicus were collected from three assemblages in particular, 
namely Darwin (n = 4) on the north coast, Broome (n = 7) on the western seaboard and 
Port Stephens (n = 15) on the eastern seaboard. Nevertheless, in the case of the 
microsatellite markers, analysis of replicate samples indicated that, at least for most 
samples, the sample sizes were sufficient to produce generally reliable results (see 
section 3.3.2), while, in the case of the mtDNA marker, the sizes of most samples were 
comparable to those of other like studies (see section 4.2.1). (3) The latitudinal range of    Chapter 2 
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assemblages sampled on the western seaboard of Australia was comparable to that of 
assemblages sampled on the eastern seaboard of Australia (see Fig. 2.1). 
 
The sampled locations were either estuaries, marine embayments or other sheltered 
areas of coastline, which, for simplicity, in this thesis are sometimes referred to as water 
bodies. 
 
The inclusion in this study of individuals of Portunus pelagicus from outside of 
Australian waters would have been useful for providing context to the results inside 
Australian waters, especially in relation to the phylogeographic aspects. However, 
initial attempts to obtain such proved to be trouble-some, partly due to taxonomic 
problems and confusion over common names. Since such outgroup data, although 
desirable, were not an essentially requirement of any of the data analyses, I decided to 
spend timing pursuing vital samples from within Australian waters at the expense of 
those from elsewhere. 
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Sample Abbr.  Region  Date  collected Latitude Longitude  person / institution who 
collected the samples  n 
person who conducted 
microsatellite DNA assays
♣ 
Geographe Bay*  GB  WS  12/1999  33º35′ 115º15′  SL / CFFR  50  ES-Y 
Peel-Harvey Estuary 1*  PH1  WS  11/1999  32º35′ 115º40′  SL / CFFR  26 ES-Y 
Peel-Harvey Estuary 2*  PH2  WS  9/2000  32º35′ 115º40′  SL / CFFR  32  ES-Y & ES 
Cockburn Sound 1*  CS1  WS  4/1999  32º14′ 115º44′  SL / CFFR  39 ES-Y 
Cockburn Sound 2*  CS2  WS  9/2000  32º14′ 115º44′  SL / CFFR  49  ES-Y & ES 
Port Denison 1*  PD1  WS  11/1999  29º15′ 114º56′  SL / CFFR  28 ES-Y 
Port Denison 2*  PD2  WS  11/2000  29º15′ 114º56′  SL / CFFR  41  ES-Y & ES 
Shark Bay 1*  SB1  WS  5/1999  25º00′ 113º50′  SL / CFFR  57 ES-Y 
Shark Bay 2*  SB2  WS  8/2000  25º00′ 113º50′  SL / CFFR  36  ES-Y & ES 
Exmouth Gulf*  EG  WS  2/2000  22º00′ 114º20′  SL / CFFR  39 ES-Y 
Broome* BR  WS  4/07/2001  17º58′ 122º14′  MJ / FWA  7  ES 
Darwin* DW  NC  25/05/2000  12º23′ 130º44′  SL / CFFR  4  ES 
Mackay MK  EC  12/04/2000  21º00′ 150º00′  WS / SFCQ  46  ES 
Hervey Bay 1  HB1  EC  31/03/2000  24º45′ 152º50′  WS / SFCQ  37 ES 
Hervey Bay 2  HB2  EC  13/04/2000  24º45′ 152º50′  WS / SFCQ  40 ES 
Moreton Bay, inshore  MBi  EC  15/12/1999  27º25′ 153º18′  WS / SFCQ  38 ES 
Moreton Bay, offshore  MBo  EC  31/03/2000  26º45′ 153º22′  WS / SFCQ  41 ES 
Wallis Lake*  WL  EC  9/05/2000  32°16′ 152°30′  SL / CFFR  51  ES 
Port Stephens*  PS  EC  9/05/2000  32°40′ 152°06′  SL / CFFR  15  ES 
Gulf Saint Vincent, central 
site  GSVc SC  4/06/1999  34º34′ 138º14′  SM-J / SARDI  50  ES 
Gulf Saint Vincent, 
western site  GSVw SC  8/06/1999  34º42′ 137º54′  SM-J / SARDI  52  ES 
Spencer Gulf, eastern site  SGe  SC  3/05/1999  33º50′ 137º45′  SM-J / SARDI  41  ES 
Spencer Gulf, western site  SGw  SC  28/06/1999  33º60′ 137º35′  SM-J / SARDI  50  ES 
West Coast Region  WCR  SC  4/04/2000  32º35′ 134º00′  SM-J / SARDI  32  ES 
Table 2.1 Sampling locations, sample abbreviations, sampling regions, date collected, latitudinal and longitudinal co-ordinates, person / institution who collected 
the samples, person who conducted microsatellite DNA assays and the sample sizes (n) of the present study. For those sites marked with an asterisk, the latitudinal 
and longitudinal co-ordinates are approximate only and to the nearest five minutes. WS, western seaboard; NC, north coast; EC, eastern seaboard; SC, south coast; 
SL / CFFR, Dr. Simon de Lestang / Centre for Fish and Fisheries Research, Murdoch University; MJ / FWA, Mark Johnston / Fisheries WA; WS / SFCQ, Wayne 
Sumpton / Southern Fisheries Centre, Queensland; SM-J / SARDI, Sue Murray-Jones / SARDI; ES-Y, Emilia Santos-Yap; ES, Ertug Sezmis.
♣See section 1.4 for further details. 
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2.2  Description Of Study Sites 
 
In this section, I describe some of the general characteristics of the water bodies from 
which samples of Portunus pelagicus were obtained (see Fig. 2.1). In particular, I have 
focused on those aspects of these water bodies that appear to be the most relevant to the 
interpretation of the results of my investigation into the population genetic structure of 
P. pelagicus, although I do not attempt to directly explain the relevance of these features 
until the discussion sections of the subsequent data chapters. 
 
2.2.1  Western Seaboard 
2.2.1.1  Geographe Bay 
 
Geographe Bay is a sheltered, northward facing embayment, lying between Cape 
Bouvard and Cape Naturaliste on the south-western seaboard of Australia at a latitude 
of 33º35′S and a longitude 115º15′E  (McMahon et al. 1997). This embayment is about 
100 km wide and relatively shallow, i.e. its range of depth is 2 – 14 m (McMahon et al. 
1997). The substrate is sandy, interspersed with limestone pavements and reef 
(McMahon et al. 1997). 
 
The general area of Geographe Bay has a temperate Mediterranean climate with dry, 
warm summers and cool, wet winters (Walter 1979). The average rainfall is about 800 
mm a year (Fahrner & Pattiaratchi 1995).   
 
The tidal range in Geographe Bay is usually less than 1 m and thus tidal currents are 
weak and have relatively little influence on the hydrology of this bay (McMahon et al.    Chapter 2
  
   
  17
1997). Rather, the hydrological behaviour of Geographe Bay is mainly determined by 
the prevailing winds (McMahon et al. 1997). During summer months, westerly, south-
westerly and southerly winds result in a predominantly northwards transport of water in 
the bay (Fahrner & Pattiaratchi 1995). Geographe Bay is well flushed with Indian 
Ocean water, with flushing times ranging from 3 to 14 days depending on the prevailing 
wind (Fahrner & Pattiaratchi 1995). 
 
2.2.1.2  Peel-Harvey Estuary 
 
The Peel-Harvey system is located on the south-western seaboard of Australia and is 
one of the largest estuarine environments in temperate Australia. The system consists of 
the Peel Inlet and Harvey Estuary, which are two large, interconnected shallow basins 
(average depth 1 – 2 m) lying between latitudes of 32º21′ and 33º00′S, and longitudes of 
115º40′ and 115º48′E  (Department of Conservation & Environment 1980).  
 
The Peel-Harvey Estuary has a number of inter-related habitat systems, such as salt 
marshes, seagrasses, and sand and mud substrates (Department of Conservation & 
Environment 1980). 
 
The climatic conditions in the general area of the Peel-Harvey Estuary are broadly 
similar to those of Geographe Bay, i.e. a temperate Mediterranean climate (see above). 
 
The Peel-Harvey Estuary is permanently open to the Indian Ocean and is separated from 
the ocean by a dredged, narrow inlet channel (Department of Conservation & 
Environment 1980). The Murray and Serpentine rivers discharge into the Peel Inlet,    Chapter 2
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while the Harvey River discharges into the Harvey Estuary (Department of 
Conservation & Environment 1980). Freshwater flow into the Peel-Harvey estuarine 
system occurs mainly during the winter months mainly via these three rivers   
(Department of Conservation & Environment 1980). There is a very limited exchange 
of water between the estuary and the Indian Ocean mainly because the tidal forces in 
this location are relatively weak (Department of Conservation & Environment 1980). 
As a result of these factors, there is a big salinity fluctuation in the estuary between 
summer and winter months - salinities can reach 50‰ during hot dry summer months 
and can be as low as 10‰ during wet winter months (Department of Conservation & 
Environment 1980).  
 
The marine waters outside the Peel-Harvey Estuary are protected from strong ocean 
swells and waves by the presence of a fringe of limestone reefs, which run parallel to 
the coast starting from Geographe Bay in the south to Kalbarri in the north (Kirkman & 
Walker 1989). 
 
2.2.1.3  Cockburn Sound  
 
Cockburn Sound is located at a latitude of 32º14′S and a longitude of 115º44′E. It is a 
semi-enclosed, shallow-water embayment with a maximum depth of around 20 m 
(Department of Environmental Protection 1996). This embayment is about 7 km wide 
and flanked by Garden Island to the west, and the mainland to the east, while its 
southern end is bounded by the mainland and series of shallow reefs (Department of 
Environmental Protection 1996). Furthermore, two submerged sills, namely the    Chapter 2
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Parmelia and Success banks, which are approximately 10 km wide and at a depth of 2 to 
5 m, cover the entire northern side of the embayment (Steedman & Craig 1983). 
 
The general climatic conditions of Cockburn Sound are much the same as described 
above for Geographe Bay (see Department of Environmental Protection 1996). 
 
On the south-western seaboard of Australia in general, tidal forces are weak and 
consequently tide-induced currents do not contribute much to the general hydrology of 
water bodies in this region, including Cockburn Sound (Department of Environmental 
Protection 1996). Similarly, the Leeuwin Current does not contribute significantly to the 
general circulation pattern in this embayment (Department of Environmental Protection 
1996). Waves reach the embayment predominantly from the west/south-west direction 
(Department of Environmental Protection 1996). Since the west and south-west portions 
of the embayment are mainly closed by islands and shallow reefs, it is expected that the 
general circulation patterns of Cockburn Sound are free from the effects of wave-
induced currents (Department of Environmental Protection 1996). Wind-induced 
currents contribute significantly to the general hydrological patterns of Cockburn Sound 
(Department of Environmental Protection 1996). During the summer months, when 
Portunus pelagicus typically  spawns, prevailing winds are from a south-west and 
southerly direction, causing a northward water flow along both of the margins and a 
southward water flow in the central part of this embayment (Steedman & Craig 1983). 
During hot summer months, evaporation creates hypersaline and warm water conditions 
in this embayment due to its shallow structure (Department of Environmental Protection 
1996). Significant salinity and temperature density differences occur between the waters 
of this embayment and the surrounding offshore shelf waters due to the presence of two 
submerged sills to the north and a series of shallow reefs to the south (Department of    Chapter 2
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Environmental Protection 1996). A study by Steedman & Craig (1983) has shown that 
the exchange of water between this embayment and the surrounding offshore shelf 
waters is very much restricted from either end of Cockburn Sound, i.e. from both south 
and north openings. Cockburn Sound can thus be considered as a closed water body 
system (Steedman & Craig 1983). (NB. A map of Cockburn Sound and its physical 
relationship with the Peel-Harvey Estuary and Geographe Bay can be found online at 
http://www.west-oz.com/Maps/westozmap.pdf). 
 
2.2.1.4  Port Denison 
 
Port Denison is located at a latitude of 29º15′S and a longitude of 114º56′E, 
approximately 350 km north of Perth. 
 
Port Denison is not an enclosed embayment, but here the coast is protected from strong 
ocean swells by a series of fringing reefs that approach as close as 400 m to the shore 
and form sheltered lagoons. These sheltered waters are about 2 – 3 m in depth and up to 
10 km wide (Kirkman & Walker 1989). Seagrass beds are common in the sheltered 
waters at this location (Kirkman & Walker 1989). 
 
The climatic conditions in this location are broadly similar to Geographe Bay, the Peel-
Harvey Estuary and Cockburn Sound (i.e. a temperate Mediterranean climate). 
 
 
 
    Chapter 2
  
   
  21
2.2.1.5  Shark Bay 
 
Shark Bay lies on the central-western seaboard of Australia, between the latitudes 
25º00′ and 26º40′S, and the longitudes 113º00′ and 114º15′E. It is a large embayment, 
approximately 250 km long and about 100 km wide, composed of two major reaches, an 
eastern reach and a western reach. Both reaches are relatively shallow, with an average 
depth of about 10 m (Logan & Cebulski 1970). The outer regions of the bay are partly 
enclosed by peninsulas and outer islands, i.e. Bernier, Dorre and Dirk Hartog islands 
(Marsh 1990). Inner peninsulas, islands, dune ridges, and shallow banks or sills further 
subdivide this bay into numerous inlets, gulfs and basins (Marsh 1990). 
 
Salinity increases with distance from the entrance to Shark Bay, with a salinity gradient 
ranging from oceanic (i.e. 35 – 40‰) in the northern and north-western parts through 
metahaline salinity (i.e. 40 – 56‰) to hypersaline (i.e. over 60‰) in the southern 
extremities (Logan & Cebulski 1970).  
 
The Shark Bay area has a semi-arid climate with hot dry summers and mild winters 
(Burling et al. 1999). Average annual rainfall is about 200 mm, with the most reliable 
rainfall in winter between May and July, and a smaller but significant amount in 
summer between January and March due to cyclone events (Burling et al. 1999). 
Annual evaporation is very high (about 2000 mm), being 10 times greater than annual 
rainfall (Burling et al. 1999). 
 
The Shark Bay area is influenced by southerly winds for most of the year due to the 
influence of the South East Trade Winds (Burling et al. 1999; Marsh 1990). During 
summer, southerlies blow with mean speeds of 8 ms
-1 and during winter months, winds    Chapter 2
  
   
  22
are lighter with mean speeds of 5 ms
-1 and more variable in direction (Burling et al. 
1999). 
 
The hydrology of Shark Bay is strongly influenced by the tides and winds. The Leeuwin 
Current, a southward flow of low-salinity warm water on the western seaboard of 
Australia, often bypasses but occasionally intrudes into the bay (Cresswell & Golding 
1980). Astronomic tides have relatively small amplitudes (i.e. < 1  m )  i n  S h a r k  B a y  
(Anon 1984), but a combination of tidal currents with wind-induced water movements 
results in a net anti-clockwise pattern of water circulation, in which the current flows 
from west to south-east, then east, and finally to the north-west (Marsh 1990). Due to 
the presence of numerous islands, peninsulas, dune ridges, and shallow banks or sills, 
the rate of exchange of waters between inner and outer portions of the bay and oceanic 
waters is very limited, which in turn causes salinity density differences, i.e. density 
fronts (Marsh 1990). 
 
2.2.1.6  Exmouth Gulf 
 
Exmouth Gulf lies on the central-western seaboard of Australia, between the latitudes of 
21º15′ and 22º30′S and the longitudes of 114º08′ and 114º40′E. This gulf faces 
northwards and is enclosed by the Cape Range to the west and extensive mangrove 
fringed salt flats to the east. It is approximately 100 km long, with a 50 km wide mouth 
but its southern end narrows to about 15 km across (Orpin et al. 1999). Exmouth gulf is 
a shallow water embayment, with an average depth of 11.9 m and a depth range of 1 to 
20 m (Brunskill et al. 2001). Unlike Shark Bay, there is no sill or other obstruction to 
water flow in the Exmouth Gulf basin (Brunskill et al. 2001).    Chapter 2
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The climate in the Exmouth Gulf area is hot and arid with a mean annual precipitation 
of 300 mm (Brunskill et al. 2001). Most of the precipitation occurs during summer 
months due to cyclonic storm events (Brunskill et al. 2001). Mean annual evaporation is 
much greater than mean annual precipitation, i.e. 2500 mm (Lough 1998). The 
minimum water temperature within the gulf during winter months is 18°C and the 
maximum summer water temperature is 31°C (Orpin et al. 1999). 
 
As in Shark Bay, the prevailing winds in the Exmouth region are predominantly south 
to south- easterly in direction throughout the year, with stronger winds occurring during 
the spring and summer months (Bureau of Meteorology 1988).  
 
The tides in Exmouth Gulf are strong and their range can sometimes reach 2 m, thereby 
causing strong tidal currents in the gulf (McCook et al. 1995; Ayukai & Miller 1998). 
These tidal currents generate regular significant flushing of the waters within Exmouth 
Gulf, although they may flush its deeper western parts more strongly than the shallower 
eastern parts (Ayukai & Miller 1998). Despite hot and dry weather conditions as in 
Shark Bay, the strong tidal and wind-induced currents maintain normal oceanic salinity 
(i.e. 35 – 40‰) within Exmouth Gulf (Brown 1988; McCook et al. 1995). 
 
2.2.1.7  Broome 
 
Broome is located approximately 2,300 km north east of Perth, at a latitude of 17º58′S 
and a longitude of 122º14′E (Hesp & Curry 1985).  
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Inshore environments in the Broome region include a variety of habitats such as 
intertidal mudflats, sandy beaches, mangrove communities and salt marshes (Chalmers 
& Woods 1987; Tulp & de Goeij 1994). 
 
The climate of the Broome region is tropical monsoon, with dry winter months and wet 
summer months (Chalmers & Woods 1987).  
 
During the spring and summer months in the Broome region, the prevailing morning 
winds are westerly, while during the autumn and winter months the prevailing morning 
winds are from an easterly to south-easterly direction (Hesp & Curry 1985). From 
January to April and from August to December, the prevailing afternoon winds are from 
a westerly to south-westerly direction, but from May to July the afternoon winds blow 
mainly from a south-west to south-east direction (Hesp & Curry 1985). These seasonal 
wind changes have a significant effect on oceanic currents off the north-western 
seaboard of Australia (Chalmers & Woods 1987). During the winter months the 
prevailing direction of the surface currents is westerly, while during summer months the 
prevailing current direction is north-east (Chalmers & Woods 1987). During summer 
months there may also be weak south-westerly flowing counter currents near the 
coastline (Chalmers & Woods 1987). There is large variation in the tidal range; it varies 
from 10 m during spring tide to 0.2 m during neap tide (Tulp & de Goeij 1994). Thus, 
tides contribute a lot to the net water movement (i.e. currents) in the region (Chalmers 
& Woods 1987). 
    Chapter 2
  
   
  25
2.2.2  North Coast 
2.2.2.1  Darwin 
 
Darwin is located in the Northern Territory, at a latitude of 12º23′S and a longitude of 
130º44′E.  
 
The Darwin region has a monsoonal tropical climate with wet and dry seasons 
(Woodroffe & Grime 1999). The wet season covers the months from November to April 
(Woodroffe & Grime 1999), with an annual average rainfall of between 1500 and 1600 
mm (Woodroffe & Grime 1999).  
 
During the dry season the prevailing winds are easterlies, but during the wet season the 
winds are less strong and from an east to north-westerly direction (Woodroffe & Grime 
1999). The Darwin region is under strong tidal influence, with spring tides ranging up to 
7.8 m in amplitude in Darwin Harbour (Woodroffe & Grime 1999). The combined 
effects of both tidal and wind-induced currents in the area create high levels of coastal 
water turbidity (Woodroffe & Grime 1999). 
 
2.2.3  Eastern Seaboard 
2.2.3.1  Mackay 
 
The Mackay region is located on the north-eastern coast of Australia, approximately 
1000 km north of Brisbane at a latitude of 21º06′S and a longitude of 149º13′E. 
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The region has a number of estuaries, bays and creeks that provide a variety of sheltered 
environments such as seagrassbeds, mangrove habitats, etc. (Duke et al. 2000; Lee 
Long et al. 1993). 
 
Tropical weather patterns dominate most of the region, with heavy rainfalls experienced 
in summer while dry weather conditions are typical during the winter months (Duke et 
al. 2000).  
 
In this region, south-easterly trade winds dominate in the drier winter and spring months 
(June to November) and generate a net northerly and inshore water movement 
(Wolanski 1994). At the same time, there is a light southerly water movement on the 
mid and outer shelf under the influence of the East Australian Current (Wolanski 1994) 
and which becomes relatively strong during the summer months (Hutchins 1991). The 
tidal range in the Mackay region is moderately high, around 6 m (Duke et al. 2000). 
This generates strong tidal currents in this region (Maxwell 1968). The combined 
effects of both tidal and wind-induced currents create high turbidity in coastal waters in 
the region (Maxwell 1968). 
 
2.2.3.2  Hervey Bay 
 
Hervey Bay is located in central Queensland, between the latitudes of 25°30′ and 
24°45′S and between the longitudes of 152°30′ and 153°15′E. The bay extends 
approximately 130 km from Kolan River in the north to Urangan in the south, widening 
continuously from its southern end point to its northern end, where it is as wide as 100 
km (Beach Protection Authority Queensland 1989). Lying between the mainland coast    Chapter 2
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to the west and Fraser Island to the east, its position provides a significant degree of 
protection from ocean swells (Beach Protection Authority Queensland 1989). The 
embayment is relatively shallow, reaching a maximum depth of 30 m towards the mid 
north of the embayment, and the seabed is relatively flat, especially between Fraser 
Island and the mainland area (Beach Protection Authority Queensland 1989).  
 
The Hervey Bay area has a subtropical climate, with dry winter months and moderately 
wet summer months (Beach Protection Authority Queensland 1989).  
 
Five major types of water current influence the hydrological behaviour of Hervey Bay, 
namely (i) tidal currents, (ii) wind induced currents, (iii) wave induced currents, (iv) 
ocean currents (i.e. the East Australian Current) and (v) river discharges (Beach 
Protection Authority Queensland 1989). Tidal currents are the predominant type of 
current system within the bay between the mainland and Fraser Island, and their effects 
are strongest towards the southern end of the bay (Beach Protection Authority 
Queensland 1989). Wind and wave induced currents are very important in the outer part 
of the Hervey Bay, where they flow in a predominantly south easterly direction and tend 
to carry water out of the bay throughout the year (Beach Protection Authority 
Queensland 1989). Both the East Australian Current and river discharges have relatively 
little effect on the hydrology of Hervey Bay (Beach Protection Authority Queensland 
1989). 
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2.2.3.3  Moreton Bay 
 
Moreton Bay is located in southern Queensland, extending between latitudes of 27°00′ 
and 27°45′S, and between longitudes of 153°00′ and 153°30′E. The embayment lies 
between Moreton Island and North and South Stradbroke Islands to the east, and the 
mainland to the west, with the islands providing shelter from ocean swells (Dennison & 
Abal 1999). The embayment is shallow, with an average depth of 6.8 m (Dennison & 
Abal 1999). 
 
Moreton Bay has diverse range of habitats, including soft muddy sediments, hard sandy 
sediments, seagrass meadows, mangrove forests, coral communities and rocky intertidal 
and subtidal outcrops (Dennison & Abal 1999).  
 
The climate in the area is subtropical with hot humid summers, and mild dry winters 
(Dennison & Abal 1999). 
 
Water exchange between Moreton Bay and the ocean occurs through three openings: 
North Passage, which is the widest, South Passage, and Jumpinpin Bar, which is the 
narrowest (Dennison & Abal 1999). As in Hervey Bay, tidal currents are the most 
influential type of water movement, although wind-induced currents also contribute 
significantly to the general hydrological behaviour of Moreton Bay (Dennison & Abal 
1999). Tidal currents, combined with the shallow waters, result in the exchange of a 
significant amount of water between Moreton Bay and the ocean with each tide 
(Dennison & Abal 1999). The East Australian Current is the dominating current in 
oceanic waters outside Moreton Bay, but it has very little influence on the general    Chapter 2
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hydrological pattern within the bay (Dennison & Abal 1999). However, this current is 
responsible for the transport of tropical larvae into the bay (Dennison & Abal 1999). 
 
2.2.3.4  Wallis Lake 
  
Wallis Lake is located on the central New South Wales coast, approximately 300 km 
north of Sydney, at a latitude of 32°16′S and a longitude of 152°30′E  
(Interdepartmental Advisory Committee 1985). Wallis Lake consists of a river valley 
lagoon into which drain four rivers, namely the Wallamba, Wang Wauk, Coolongolook 
and Wallingat (Interdepartmental Advisory Committee 1985). Wallis Lake is 
permanently open to the sea, with a strong tidal flushing action (Interdepartmental 
Advisory Committee 1985). It has an average depth of 1.5 m and maximum depth of 
about 8 m (Interdepartmental Advisory Committee 1985). 
 
Wallis Lake has a number of inter-related habitat systems such as swamp forests, salt 
marshes, mangroves, seagrasses, and sand and mud substrates (Interdepartmental 
Advisory Committee 1985). 
 
In the Wallis Lake region, there is a prevailing maritime climate, with warm to hot and 
humid summers and cold to mild winters (Interdepartmental Advisory Committee 
1985). 
 
Long stretches of sandy beaches interspersed between rocky headlands are very 
common along the coastline of south-eastern Australia (West et al. 1989). Unlike that of 
south-western Australia, this coastline is not sheltered by any kind of offshore reefs or    Chapter 2
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islands, and is therefore subject to moderately high energy ocean swells and waves 
(West et al. 1989). Because of this exposure, seagrass communities occur in only a few 
localities where rocky headlands provide limited shelter along the open coastline (West 
et al. 1989). 
 
2.2.3.5  Port Stephens 
 
Port Stephens is located on the central New South Wales coast, approximately 250 km 
north of Sydney, at a latitude of 32°40′S and a longitude of 152°06′E (NSW Department 
Of Public Works And Services 1999). Port Stephens is an estuary, which lies between 
the Pacific Ocean, and the Myall River, Tilligerry Creek and Karuah River and is 
permanently open to the sea (NSW Department Of Public Works And Services 1999).  
 
Mangroves, salt marshes, and extensive seagrass beds are present in the estuary (NSW 
Department Of Public Works And Services 1999). 
 
The climatic conditions in the general area of the Port Stephens are broadly similar to 
those of Wallis Lake, i.e. a prevailing maritime climate (see above) (NSW Department 
Of Public Works And Services 1999; Thom et al. 1992). 
 
The prevailing winds in the general vicinity of Port Stephens are from an east and north-
east direction during the summer months, with westerly winds in the winter months 
(NSW Department Of Public Works And Services 1999; Thom et al. 1992). Tides, 
winds and freshwater runoff shape the general circulation pattern of waters in this 
estuary (NSW Department Of Public Works And Services 1999).     Chapter 2
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In the Port Stephens and Wallis Lake Region, the East Australian Current flows 
southwards about 30 to 100 km offshore, being at its greatest strength between 30 to 40 
kms offshore (Thom et al. 1992). The direction of this current varies seasonally (Thom 
et al. 1992), with southerly-setting movements predominant during the summer months 
(Thom et al. 1992). During the winter months, the southerly-setting movements become 
weaker and northerly flows can dominate the coastline (Thom et al. 1992). However, 
since the speed of these northerly flows cannot exceed the speed of southerly flows, 
over relatively large scales the net water flow is still southwards in winter months 
(Thom et al. 1992). 
 
2.2.4  South Coast 
2.2.4.1  Gulf Saint Vincent 
 
Gulf Saint Vincent is located between Port Wakefield in the north and Cape Jervis in 
the south, extending for approximately 120 km between the latitudes of 34º10′ and 
35º30′S and the longitudes of 137º00′ and 138º30′E, (Bryars 1997; and references 
therein). This embayment is shallow, with a mean depth of 21 m (Bryars 1997). 
 
The main inshore habitat types within Gulf Saint Vincent are tidal sand and mud flats 
(Bryars 1997; and references therein). 
 
Coastal South Australia has a Mediterranean climate, with hot dry summers and cold 
wet winters (Bryars 1997). In general, in coastal South Australia, water temperatures 
have a minimum of 11°C in the peak winter period and a maximum of 24°C in the peak 
summer period (Bryars 1997; and references therein).    Chapter 2
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The hydrology of Gulf Saint Vincent is affected by a range of factors, including tidal 
fluctuations, annual temperature changes, and Southern Ocean winds and currents 
(Bryars 1997). The hydrology of Gulf Saint Vincent also shows important seasonal 
changes (Bryars 1997). During the summer months, Gulf Saint Vincent shows a 
somewhat ‘closed’ circulation pattern, due to the formation of a temperature/salinity 
density front at the mouth of this embayment, which blocks water exchange between the 
embayment and the adjacent Southern Ocean (Bryars 1997; and references therein). 
This happens because this embayment is shallow and has virtually no freshwater inflow 
during the summer months (Bryars 1997). The hot and dry summer months cause a 
rapid increase in both temperature and salinity in the gulf waters, whereas the Southern 
Ocean waters immediately outside the gulf are much cooler and less saline at this time 
(Bryars 1997; and references therein). 
 
2.2.4.2  Spencer Gulf  
 
Spencer Gulf is located between Port Augusta in the north and West Cape in the south, 
extending for approximately 300 km between the latitudes of 32º30′ and 35º00′S, and 
the longitudes of 136º00′ and 138º00′E (Bryars 1997; and references therein). This 
embayment is shallow, with a mean depth of 22 m (Bryars 1997). 
 
The main inshore habitat types within Spencer Gulf are tidal sand and mud flats, as in 
Gulf Saint Vincent (Bryars 1997; and references therein). 
 
As noted above, the climate in this general region, i.e. coastal South Australia, is of a 
Mediterranean type.     Chapter 2
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Spencer Gulf is in close proximity to Gulf Saint Vincent and shares very similar 
physical characteristics, so the hydrodynamics of this gulf are very similar to those of 
Gulf Saint Vincent. As in Gulf Saint Vincent, freshwater inflow into the bay throughout 
the year is very limited, with virtually no such input over the summer months (Bryars 
1997). There is a temperature/salinity density front at the mouth of the bay during 
summer months, which limits the amount of water exchange between the gulf and the 
Southern Ocean (Bryars 1997; and references therein). 
 
2.2.4.3  West Coast Region 
 
The west coast region of South Australia refers to a region bounded by Point James in 
the north-west and Cape Bauer in the south-east, between the latitudes of 32º10′ and 
32º48′S, and the longitudes of 133º30′ and 134º15′E  (Bryars 1997). This region spans 
approximately 100 km of coastline and includes a series of shallow water embayments 
with depths of less than 30 m (Bryars 1997). 
  
Tidal sand and mud flat habitat types can be found in many of the embayments in the 
west coast region (Bryars 1997; and references therein). 
 
As noted above, the climate in this general region, i.e. coastal South Australia, is of a 
Mediterranean type. 
 
The region is bordered to the west by the Great Australian Bight, which has a very 
important role in shaping the hydrodynamics of the region (Bryars 1997). The main 
impact of the Great Australian Bight on these west coast embayments is that it is    Chapter 2
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associated with the production of strong, cold upwellings, i.e. 16 – 17°C, during the late 
summer and autumn months (Bryars 1997; and references therein). 
 
2.3  Sample Collection   
 
The samples of Portunus pelagicus were caught in 1998, 1999 or 2000, usually via 
baited crab pots. The collected crabs were sized to make sure that only adults, i.e. those 
with a carapace width ≥ 86 mm (de Lestang, pers. comm.), were incorporated in the 
genetic assays - the smallest crab included had a carapace width of 105 mm. This was 
done to reduce the potential for bias associated with mixing different generations. The 
crabs were also sexed and each sample contained both male and female crabs. The crabs 
were frozen immediately after collection and transported to the laboratory, usually on 
dry ice or in liquid nitrogen. In the laboratory, several grams of muscle tissue were 
removed from each crab. Each muscle sample was then stored at -80°C until needed.  
 
NB. The suitability of several other types of crab tissue and methods of preservation 
were tested but frozen muscle tissue consistently yielded the highest quality DNA 
extracts. 
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2.4  Molecular Markers 
2.4.1  Microsatellites 
2.4.1.1  Characteristics of microsatellite loci 
 
A total of six microsatellite loci, five of which comprised dinucleotide repeat units and 
one of which comprised a tetranucleotide repeat unit, were used in this investigation of 
the population genetic structure of Portunus pelagicus in Australian waters. The six 
microsatellite loci were isolated and characterized from P. pelagicus by Yap et al. 
(2002), as explained in section 1.4. The characteristics of these loci are summarised in 
Table 2.2. 
 
Table 2.2 Characteristics of the six microsatellite loci in the blue swimmer crab, 
Portunus pelagicus that were used in this investigation * = determined from the 
sequenced insert. Ta, is the annealing temperature used for each primer pair in the PCR 
reactions; Pc, is the concentration of each primer in the PCR reaction mixtures. Adapted 
from Yap et al. (2002). 
 
 
 
 
 
 
 
Locus (GenBank 
Accession no.)  Primer Sequence (5′−3′) 
Repeat 
Unit* 
Ta in 
°C 
Pc in 
nM 
pPp02 
(AF410871) 
F: GTGACCAGTAGGCGACCGAG 
R: ACGACTGCTTGTACGACCTTCA  (CA)16 63 20 
pPp04 
(AF410872) 
F: GCCACTATCTTGCTGAGGTTGA 
R: GCCATAGCACGAACACTTTTGA  (TG)28 58 20 
pPp08 
(AF410874) 
F: TGGTGGGAAGGAAAGTCACC 
R: ACCATTTGCAACACTTCCCTG  C10(AC)10 53  30 
pPp09 
(AF410875) 
F: GACTTGAGCGATGCTGAAAG 
R: ATGGATAGATGGAATGCAAAAT  (TG)19 53 40 
pPp18 
(AF410877) 
F: AGTAAGGGACCGTGGTGAAT 
R: CGTTGTCTAAAGCACATGAGATT  (TG)17 58 40 
pPp19 
(AF410878) 
F: TTTGTTGTTTGCTCATTCAAGTTTACT 
R: TCTCTCATCCAATACGTAACAAAACAT  (AAAT)8 50  80    Chapter 2
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2.4.1.2  DNA extractions 
 
Homogenates from individual crabs were prepared by incubating about 100 mg of 
macerated muscle tissue in SDS (sodium dodecyl sulfate) buffer, together with 6 units 
of proteinase K, at 55˚C for approximately 5 hours. Total genomic DNA was isolated 
from the homogenates using a phenol/chloroform/isoamyl alcohol extraction (25:24:1), 
interspersed between two chloroform/isoamyl alcohol extractions (24:1).  The DNA was 
then precipitated in ethanol, air-dried, resuspended in 1mM Tris-EDTA buffer and 
stored at -4˚C or -10˚C. 
 
2.4.1.3  PCR amplifications 
 
The polymerase chain reaction (PCR) technique was used to amplify the target 
microsatellite loci from the DNA preparations. 
 
The PCR was conducted using reaction mixtures that had a total volume of 15 μL and 
contained 50 – 100 ng of DNA template, 10 mM Tris-HCl (pH = 8.3) with 50 mM KCl, 
1.5 mM of MgCl2, 0.2 mM of each of the dNTPs (Promega), 20 – 80 nmol of each 
primer, with 25% of the forward primer end-labelled with [γ -
33P]-ATP, and 0.05 U of 
Taq polymerase (Roche). 
 
The reaction mixtures were subject to (i) an initial denaturation phase of 5 min at 94˚C, 
(ii) 26 amplification cycles, with each cycle consisting of 30 sec of denaturation at 
94˚C, 30 sec of annealing at Ta˚C, 90 sec of extension at 72˚C and (iii) a final 7 min    Chapter 2
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extension at 72˚C. The annealing temperature (Ta˚C) for each locus was as indicated in 
Table 2.2. 
 
2.4.1.4  Resolution and scoring of alleles 
 
Amplified products (i.e. alleles) were resolved on a 6% denaturing polyacrylamide gel. 
The gel was then dried using a gel dryer and an autoradiograph taken by exposing, for 
18 – 20 hours, Kodak BioMax MR film to the gel. The exposed film was processed 
using an automatic film developer. A pUC18 DNA sequencing standard and ‘reference’ 
samples (i.e. samples of Portunus pelagicus that have been scored in a previous assay) 
were run on each gel and used to estimate the size of each allele at each locus and to 
ensure internal consistency in the scoring of alleles.  
 
2.4.2  Mitochondrial DNA 
2.4.2.1  Strategy for selection of appropriate mtDNA region 
 
The following preliminary analyses were done in order to decide which region of the 
mtDNA genome would be most useful for an investigation into the population genetic 
structure of Portunus pelagicus in Australian waters. 
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2.4.2.1.1  Cytochrome Oxidase Subunit I (COI) 
 
On the basis that they had been used to amplify a section of the cytochrome oxidase 
subunit I (COI) gene in mtDNA of another crab species (i.e.  the  mudcrab,  Scylla 
serrata), the mtd10 and C/N 2769 primers of Gopurenko et al. (1999) were initially 
targeted as potential primers for the amplification of a section of this gene in Portunus 
pelagicus. However, this primer pair did not consistently amplify DNA sequences from 
P. pelagicus. Nevertheless, they did allow for the amplification of a 549 bp fragment of 
the cytochrome oxidase I gene from some samples of this species and the nucleotide 
sequence that was determined for these fragments was used to develop two robust 
internal primers (see Table 2.3 for primer sequences) specific to P. pelagicus. This new 
primer pair consistently amplified a 342 bp section of the cytochrome oxidase I gene 
from P. pelagicus. 
 
A preliminary assessment of the patterns and extent of variation in the nucleotide 
sequence in the amplified region of the cytochrome oxidase I gene in Portunus 
pelagicus in Australian waters was conducted. This assessment was based on 
information generated from single individuals of this species from each of the following 
locations: Cockburn Sound and Shark Bay on the western seaboard of Australia, Darwin 
on the north coast of Australia, Moreton Bay and Port Stephens on the eastern seaboard 
of Australia, and Gulf Saint Vincent and west coast region in South Australia (see Table 
2.3). The results of the assessment indicated that, in P. pelagicus, the amplified portion 
of the COI region exhibited variation that was reliably scorable (compare with 
cytochrome b results below), in the form of nucleotide substitutions (i.e. not indels) and 
noticeably higher than that of the 12S rRNA gene (especially nucleotide diversity) (see    Chapter 2
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below and Table 2.3). On this basis, this region was selected as ‘the mtDNA marker’ for 
this investigation. 
 
2.4.2.1.2  12S rRNA gene 
 
A set of universal primers for the PCR amplification of a portion of the 12S rRNA gene 
was obtained from Palumbi et al. (1991) (see Table 2.3 for the primer sequences). These 
primers were found to consistently amplify, via PCR, a DNA sequence from Portunus 
pelagicus. Sequencing of this fragment confirmed that this sequence corresponded to a 
361 bp fragment of the 12S rRNA gene of the mtDNA of P. pelagicus. 
 
A preliminary assessment of the extent and patterns of nucleotide sequence variation in 
the amplified fragment of the 12S rRNA gene was conducted. This assessment was 
conducted using information generated from the same individuals of Portunus pelagicus 
as were used for such for the cytochrome oxidase I region (see above). Thus, the results 
of this assessment for the 12S rRNA amplicon were directly comparable with those for 
the COI amplicon. Although some of the individuals of P. pelagicus displayed variation 
in the nucleotide sequence in the 12S rRNA amplicon, the level of variation was 
noticeably less than for the COI amplicon (Table 2.3). For this investigation, due to time 
and financial constraints, it was possible to conduct a detailed analysis of the variation 
within only one region of the mtDNA. Thus, although it is recognised that the 12S 
rRNA region would have generated useful information, the COI region was selected for 
detailed investigation because it appears to have a higher level of underlying 
polymorphism (i.e. a higher information content).            
  40 
MtDNA region  Primer Sequence (5′−3′)  h  π  NH  number of 
variable sites  
Total number 
of sites  n 
COI  F: AGAAGTGTATATTTTAATTC 
R: ATGTAGAATAATATCGATAG  0.905 0.01448  5  10  342  7 
12S rRNA  12sai-L: AAACTAGGATTAGATACCCTATTAT 
12sbi-H: AAGAGCGACGGGCGATGTGT  0.857 0.00422  5  3  361  7 
Cyt. B  F: TGAGACAAATATCHTTCTGRGGAGC 
R: AAATATCATTCHGGTTGAATRTG  NA NA NA  NA  NA  6 
Table 2.3 Characteristics of three mtDNA regions in Portunus pelagicus. h, is the haplotype diversity; π, is the nucleotide diversity; NH, 
is the number of haplotypes; NA, is not applicable; n, is the number of individuals assayed per region. The data for COI and 12S rRNA 
regions are based on exactly the same individuals and so are directly comparable. Information about the source of the individuals is 
provided in the text.   
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2.4.2.1.3  Cytochrome b gene (Cyt. b) 
 
The entire nucleotide sequence of the cytochrome b gene for five species of crustaceans 
(i.e. Penaeus monodon, Penaeus notialis, Pagurus longicarpus, Limulus polyphemus, 
Daphnia pulex) were obtained from GenBank and aligned using Clustal W software, 
Version 1.81 (Thompson et al. 1994). The most conserved regions of these sequences 
were then used to design both forward and reverse primers for the amplification of a 
portion of the cytochrome b gene in the mtDNA of Portunus pelagicus (see Table 2.3 
for the primer sequences). These primers consistently amplified, via PCR, a 368 bp 
fragment of the cytochrome b gene from individuals of P. pelagicus. 
 
In an attempt to gain a preliminary indication of the levels and patterns of variation in 
the amplified section of the cytochrome b gene in Portunus pelagicus in Australian 
waters, the nucleotide sequence of this DNA section was determined for two individuals 
of P. pelagicus from each of the eastern and western seaboards of Australia and South 
Australia. However, both of the associated forward and reverse sequence 
chromatograms gave unusual (i.e. not scorable) results. For example, for each of several 
sites, the sequence chromatograms showed two strong peaks indicating the presence of 
multiple and different bases at single sites. Such anomalies were also apparent at the 
corresponding sites in the chromatograms of the complementary strands. 
 
These anomalous results suggested that there might be divergent copies of the 
cytochrome b gene in the Portunus pelagicus genome. The results of previous research 
indicates that there are divergent copies of a single ‘mitochondrial’ gene within single 
genomes in a diverse array of eukaryotes, such as species of rodents, felids, sea urchins,   
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aphids, birds, yeast, cetaceans, humans, fungi, flowering plants, primates, bovids and 
including in other species of crab (Mirol et al. 2000; and references therein). Certainly, 
since they have relatively low specificity to the target sequence, universal primers, such 
as those used in this particular instance, can easily amplify divergent copies of a 
particular sequence from a single genome (Mirol et al. 2000; and references therein). In 
general, there are three major phenomena associated with the presence of divergent 
copies of a particular sequence with a single genome, as follows. 
 
1) Heteroplasmy: Heteroplasmy occurs if there is a mixture of mitochondria with non-
mutated genes and mitochondria carrying mutated genes within the same cell (Mirol et 
al. 2000). 
 
2) Intramitochondrial duplications: This situation arises if genes duplicate themselves 
within the same mitochondrion (Mirol et al. 2000). 
 
3) Mitochondrial nuclear pseudogenes: This situation arises when mitochondrial genes 
transfer themselves into the nucleus. Most of these mitochondrial-like sequences are 
believed to be non-functional and are classified as pseudogenes (Mirol et al. 2000). 
 
While it seems reasonable to postulate that one of these phenomena is relevant to 
explaining the anomalous sequencing results obtained for the cytochrome b region in 
Portunus pelagicus,  further investigation is required to confirm this. Regardless, 
because of these anomalous results, the cytochrome b region was not used for 
investigating the population genetic structure of P. pelagicus. 
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2.4.2.2  DNA extractions 
 
The same DNA extracts that were used in the microsatellite component of this study 
were also used in the mtDNA component (see section 2.4.1.2). 
 
2.4.2.3  PCR amplifications 
 
Polymerase chain reaction (PCR) technique was used to amplify the target region of the 
COI gene in the mtDNA genome. 
 
The amplification of this region was carried out using a 'step-up' PCR profile, with the 
following steps: (i) an initial denaturation phase of 5 min at 94˚C, (ii) ten amplification 
cycles, with each cycle consisting of 30 sec of denaturation at 94°C, 1 min of annealing 
at 45°C, 1 min of extension at 68°C, (iii) another 26 amplification cycles, with each of 
these cycles consisting of 30 sec of denaturation at 92°C, 30 sec of annealing at 50°C, 1 
min of extension at 72°C and (iv) a final 7 min extension at 72°C. 
 
Each PCR reaction mixture contained 0.1 mM of each of the dNTPs (Promega), 0.5 U 
of Taq DNA polymerase (Roche), 10 mM Tris-HCl (pH = 8.3) with 50 mM KCl, 1.5 
mM MgCl2, 20 µmol of each primer, 100 – 200 ng of DNA template, adjusted to a final 
volume of 50 µl with ddH2O. 
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2.4.2.4  Sequencing 
 
Prior to sequencing, the PCR products were cleaned using Qiaquick columns (Qiagen) 
according to the manufacturer’s instructions.  
 
The sequencing was carried out using the dye terminator cycle sequencing method. 
Each sequencing reaction was prepared using approximately 30 ng of clean PCR 
product, 3.2 pmol of the forward or reverse primer and a dye terminator cycle 
sequencing ready reaction kit following the instructions of the manufacturer (Applied 
Biosystems), except that all sequencing was done using ‘half’ reactions. 
 
The sequencing products were electrophoresed and the sequences determined using an 
automated sequencer (ABI Prism 373) and ABI Prism DNA sequencing analysis 
software. Both the heavy and light strands were sequenced for each individual.    Chapter 3 
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CHAPTER 3. POPULATION GENETIC STRUCTURE OF 
PORTUNUS PELAGICUS IN AUSTRALIAN WATERS, AS 
INFERRED FROM MICROSATELLITE DNA EVIDENCE 
3.1  Introduction 
 
Recently, there has been considerable interest in the factors that promote genetic 
divergence in marine ecosystems (e.g. Palumbi 1992, 1994). The implications of the 
population genetic structure of species that include a protracted planktonic ‘larval’ 
phase in their life-cycle, i.e.  one lasting for weeks or months, are relevant to such 
discussions. Their value resides in the fact that the population genetic structures of some 
such species are more highly subdivided than would be expected if the dispersal 
potential of their planktonic phase was fully realized. In such cases, the patterns of 
population subdivision have provided useful circumstantial evidence on the factors, 
other than dispersal potential per se, that are important in promoting genetic divergence 
in marine systems (e.g. Apte & Gardner 2002; Barber et al. 2002).   
 
This chapter describes an investigation, based upon microsatellite markers, into the 
population genetic structure of Portunus pelagicus in Australian waters, with a view to 
developing predictions about the factors that are important in promoting genetic 
divergence in this species in these waters. General information about the geographical 
and ecological distribution, life-history and dispersal potential of this species that is 
relevant to this issue has been presented in the general introduction of this thesis (see 
section 1.1). The most pertinent aspects of this information are as follows. (1) P.    Chapter 3 
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pelagicus is essentially a warm water species. (2) In Australian waters, the distribution 
of P. pelagicus extends across northern Australian and into temperate waters on both 
the eastern and western seaboards. This species is also represented by an isolated group 
of assemblages in South Australian waters. (3) The life-cycle of P. pelagicus includes 
both a planktonic larval phase of modest duration (~21 days) and a benthic adult and 
juvenile phase. (4) The juveniles and adults of P. pelagicus typically inhabit sheltered 
coastal environments. (5) Although the adults and juveniles of P. pelagicus can swim, 
most dispersal among spatially-isolated water bodies is probably mediated via the 
planktonic larval phase. 
 
A study by Bryars & Adams (1999) found that, on the basis of patterns of allozyme 
variation, the assemblages of the adults of Portunus pelagicus in the neighbouring 
Spencer Gulf and Gulf Saint Vincent and the more distant west coast region in South 
Australia are genetically distinct from each other. In contrast, the genetic compositions 
of assemblages on the eastern, northern and western seaboards of Australia appeared to 
be similar to each other, although different to those of the South Australian 
assemblages. These results suggest that, while gene flow in P. pelagicus in South 
Australian waters is very restricted, it occurs much more freely elsewhere in Australia. 
However, as noted by Bryars & Adams, the interpretation of some aspects of their 
results is open to question due in part to a lack of adequate samples of P. pelagicus from 
waters outside South Australia and in part to their reliance upon allozyme markers. 
 
In comparison with allozymes, microsatellite markers afford two major advantages in 
studying population genetic structure. Firstly, microsatellite markers generally show 
greater levels of underlying polymorphism than allozymes and can thus be used to 
reveal relatively subtle population structuring that is not always apparent when    Chapter 3 
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employing allozyme markers (e.g. Shaw et al. 1999a; Wirth & Bernatchez 2001). This 
is particularly important in the context of marine ecosystems because, in general, it is 
very difficult to provide precise information about the population genetic structure of 
marine species with good dispersal capabilities (e.g. Hauser & Ward 1998). Secondly, 
since microsatellite loci are non-genic (non-coding), they are less likely to be influenced 
by selection than allozyme loci (Hauser & Ward 1998). This is important because only 
‘selectively-neutral’ genetic markers can readily be used to provide information about 
gene flow.   
 
The main objective of this chapter was to elucidate the patterns of variation in 
microsatellite markers that occur amongst assemblages of Portunus pelagicus from 
different regions along the coastline of Australia. This information was used to assess 
the population genetic structure of this species in Australian waters and the extent to 
which this structure varies amongst geographic regions. Since the results of this study 
demonstrate that the genetic compositions of the assemblages of this portunid on the 
east, west and north coasts of Australia are significantly different from each other, they 
differ markedly from those obtained by Bryars & Adams (1999) using allozymes. They 
also showed that, while marked genetic heterogeneity existed among assemblages of 
this species on the western seaboard, the assemblages on a comparable section of the 
eastern seaboard were effectively genetically homogeneous. Finally, the results of this 
study have been used to discuss the types of factors, such as the proximity of adjacent 
sheltered habitats suitable for colonisation by P. pelagicus that are likely to have led to 
the different patterns of genetic variation that this study have detected in different 
regions. 
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3.2  Materials And Methods 
3.2.1  Sampling Regime 
 
The sampling regime for this entire (i.e. thesis-wide) investigation has been described in 
section 2.1. The most pertinent aspects of the regime, in relation to the microsatellite-
based investigation described in this chapter, are as follows. 
 
Firstly, samples of juveniles and/or adults of Portunus pelagicus were obtained from 
assemblages separated by a range of spatial scales and throughout the range of this 
species in Australian waters (see Fig. 2.1). Secondly, ‘replicate’ samples were obtained 
from each of five assemblages and used to assess whether or not the microsatellite 
compositions of the samples likely provided a reliable indication of the microsatellite 
compositions of the source assemblages. This was considered necessary because 
preliminary analysis of the microsatellite data indicated the possible influence of 
sampling artefacts, such as null alleles, on the data set. Thirdly, samples were obtained 
from two different sites within each of three water bodies and used to test for the 
presence of spatial genetic heterogeneity in P. pelagicus within a water body. Fourthly, 
although the size of most (unpooled) samples was greater than 30 individuals, that from 
each of Port Stephens on the eastern seaboard and especially Darwin in the Northern 
Territory were small (Table 2.1). Fifthly, the sample from Broome was not included in 
this analysis.  This was due to a combination of the facts that this sample contained only 
seven crabs and was obtained only after the microsatellite assays for the other samples 
had been completed. 
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3.2.2  Genetic Assays 
 
The genotype of each individual of Portunus pelagicus in each sample was determined 
for each of six microsatellite loci, namely the pPp02, pPp04, pPp08, pPp09, pPp18 and 
pPp19 loci (see Table 2.2). The pPp19 locus comprised tetranucleotide repeat units, 
while the remaining five loci comprised dinucleotide repeat units. The details of the 
genetic assays that were used to generate this information are described in section 2.4.1. 
 
3.2.3  Data Analyses 
 
Variation at microsatellite loci is typically in the form of alleles of different sizes. As 
expected, the alleles at the tetranucleotide locus varied from each other in increments of 
4 bp, while those at the dinucleotide loci typically varied in increments of 2 bp. 
However, the alleles at the pPp18 locus varied in increments of 1 bp. This probably 
reflects the presence of duplications and/or deletions in the region that flanks the repeat 
units in the alleles at the pPp18 locus. 
 
The frequency of genotypes and alleles at each locus in each sample were determined 
and used as the basis for the following analyses. 
 
3.2.3.1  Levels of polymorphism 
 
The level of polymorphism shown by each locus in each sample was assessed in terms 
of both the number of different alleles detected (A) and the expected heterozygosity 
(HE).  HE was calculated as 1 - ∑(fi)2, where fi is the frequency of the ith allele.     Chapter 3 
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3.2.3.2  Hardy-Weinberg equilibrium 
 
The statistical significance of differences between the observed number of the different 
classes of genotypes in a sample of Portunus pelagicus and the number expected under 
Hardy-Weinberg equilibrium conditions was assessed using the Markov chain method 
to estimate the exact probability of a type I error (see Raymond & Rousset 1995 and 
below).  
 
3.2.3.3  Measures of population differentiation 
 
The following four methods were used to analyse the patterns of allele frequency 
variation among the samples of Portunus pelagicus. 
 
3.2.3.3.1  Single-locus variation 
 
The statistical significance of differences in the allele frequencies at each locus between 
each pair of samples was assessed using the Markov chain method to estimate the exact 
probability of a type I error (see Raymond & Rousset 1995). 
 
Exact probability tests are not biased by very small samples or low frequencies of 
alleles or genotypes (Raymond & Rousset 1995) and hence are suitable for the analyses 
of variation at highly polymorphic microsatellite loci. The exact probability tests were 
conducted using the computer program GENEPOP, version 3.1d (Raymond & Rousset 
1999). For all Markov chain tests, 10,000-dememorization number, 1,000 batches and 
10,000 iterations per batch were invoked in GENEPOP.    Chapter 3 
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3.2.3.3.2  Multi-locus variation 
3.2.3.3.2.1  FST 
 
The standardised genetic variance, i.e. FST, was used to measure the proportion of the 
total allele frequency variation that was due to difference among samples. FST values 
greater than zero indicate the presence of significant genetic variation among samples. 
The FST values were estimated using the method of Weir & Cockerham (1984) (i.e. θST) 
and represent weighted averages of variation across alleles and loci. The FST analysis 
was carried out at several different levels, i.e. for all samples, for all samples from 
single geographic regions, and between each pair of samples. The FST values and their 
associated confidence levels were calculated using the program FSTAT, version 1.2 
(Goudet 1996). The 95% confidence levels for each FST value were empirically 
calculated by jackknifing and bootstrapping the data. Any value of FST for which the 
lower 95% confidence limit is greater than zero is then indicative of the existence of 
significant genetic heterogeneity among the samples under examination.  
 
In order to resolve the spatial patterns of microsatellite differentiation among samples, 
the multi-dimensional scaling method (Hair et al. 1992) was used to map the values of 
FST between each pair of samples in two-dimensional space. This ordination technique 
has an advantage over cluster analyses because it does not force samples into discrete 
clusters when genetic variation is continuous (Watts 1991). Multi-dimensional scaling 
ordinations were carried out using the computer program PRIMER, version 4 (Clarke & 
Warwick 1994).  
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NB. The appropriate statistical method for quantifying differentiation at microsatellite 
loci has been a matter of debate and may be study specific (see O'Connell et al. 1997; 
Gaggiotti et al. 1999; Shaw et al. 1999a). Following the criteria of O'Connell et al. 
(1997) and Gaggiotti et al. (1999), FST is the most suitable of the available measures for 
the analyses of the current data set. 
 
3.2.3.3.2.2  Nei’s Genetic Distance 
 
In order to further investigate the spatial patterns of microsatellite variation, the multi-
dimensional scaling method was used to map the values of Nei’s (1978) unbiased 
genetic between each pair of samples in two-dimensional space. The values of Nei`s 
genetic distance were estimated using the program DISPAN (Ota 1993). This particular 
distance measure was selected because the results of several independent simulations 
indicate that, when used with microsatellite data, it provides a reliable indication of 
genetic relationships among recently diverged populations (e.g. Goldstein et al. 1995; 
Paetkau et al. 1997). 
 
3.2.3.3.3  AMOVA 
 
I further investigated the population genetic structure of Portunus pelagicus by means 
of a hierarchical analysis of molecular variance, AMOVA (Excoffier et al. 1992). This 
analysis was used to assess how genetic variation (i.e. variance in microsatellite allele 
frequencies) was partitioned among the samples from different geographic regions, 
among the samples from within geographic regions and among the crabs from within 
samples (see Table 3.9 for details). Although it would have been possible to also    Chapter 3 
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investigate the partitioning of variation among other groupings of samples, I focused 
solely on the above-described analysis of variation within and among the sampled 
geographic regions as this was the most relevant to the particular aims of this study and 
the most appropriate given the limited sampling from sites at < 20°S. Significance tests 
at these hierarchical levels were performed using a nonparametric permutation 
approach, as described by Excoffier et al. (1992). In the present study, 10,000 
permutations were used. The analyses were conducted using ARLEQUIN version 2.0 
(Schneider et al. 2000). 
 
3.2.3.4  Other considerations 
 
Where multiple tests were conducted as a part of an analysis, a sequential Bonferroni 
procedure, which controls for group-wide Type I error rates, was used to assess the 
statistical significance of probability values (see Rice 1989). 
 
3.3  Results 
3.3.1  Levels of Polymorphism 
 
The five dinucleotide loci in Portunus pelagicus, i.e. pPp02, pPp04, pPp08, pPp09 and 
pPp18, displayed moderate to high levels of polymorphism (Table 3.1). The pPp02, 
pPp04 and pPp18 loci each exhibited 31 or more alleles, averaged 13.5 or more alleles 
per sample and had average expected heterozygosities, for either all samples combined 
or as the mean per sample of at least 0.79 (Table 3.1). The levels of polymorphism at 
the pPp08 and pPp09 loci were more moderate, particularly in the case of the pPp08 
locus, which had a total of 15 alleles, a mean of 8.3 alleles per sample and an average    Chapter 3 
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expected heterozygosity of 0.84 for all samples combined and of 0.73 as the mean per 
sample (Table 3.1). The tetranucleotide locus pPp19, with a total of five alleles, a mean 
of only 3.1 alleles per sample and an average expected heterozygosity of 0.65 for all 
samples combined and of 0.50 as the mean per sample, was conspicuously less 
polymorphic than any of the dinucleotide loci (Table 3.1). This likely reflects the 
generally lower rates of mutations at tetranucleotide loci compared to dinucleotide loci 
in eukaryotes (e.g. Chakroborty et al. 1997). 
 
The main implications of the above findings for the population structure analysis are 
that the dinucleotide loci, in particular, with their moderate to high levels of 
polymorphism, have relatively high information contents and hence can be used to 
detect relatively subtle genetic heterogeneity in Portunus pelagicus. As the levels of 
polymorphism at the tetranucleotide locus in P. pelagicus were lower than those at the 
dinucleotide loci, it is likely that the patterns of variation at the tetranucleotide locus in 
P. pelagicus will emphasize historical connections among populations, as opposed to 
contemporary ones, more strongly than will the patterns of variation at the dinucleotide 
loci. 
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Table 3.1 Characteristics of six scorable microsatellite loci that were isolated from 
Portunus pelagicus. F i v e  o f  t h e  l o c i  c o m p r i s e  d i nucleotide repeat units, while one 
(pPp19) comprises a tetranucleotide repeat motif. The data for these loci are based on 18 
population samples from 15 embayments or estuaries on the southern, eastern, northern 
and western seaboards of Australia. A, the number of alleles per locus; HE, the expected 
heterozygosity. Total values of A, HE are for all samples combined, while mean values 
of A, HE are the means of the individual samples. Adapted from Yap et al. (2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.2  Comparison of ‘Replicate’ Samples 
 
In order to investigate how accurately the genetic composition of the samples of 
Portunus pelagicus resemble those of the source assemblages, I compared the extent of 
allele frequency differences between two 'replicate' samples collected from the same site 
from each of five water bodies, namely Hervey Bay on the eastern seaboard and the 
Peel-Harvey Estuary, Cockburn Sound, Port Denison and Shark Bay on the western 
seaboard of Australia. The main results of this comparison were as follows. Firstly, in a 
two-dimensional ordination of the values of the genetic distance between all pairs of 
Locus  Size range of 
alleles (bp) 
Total A 
(Mean A) 
Total HE 
(Mean HE) 
pPp02  69 – 141  35  (15.2)  0.90  (0.86) 
pPp04  222 – 306  34  (14.6)  0.91  (0.83) 
pPp08  79 – 94  15  (8.3)  0.84  (0.73) 
pPp09  133 – 187  23  (12.3)  0.85  (0.82) 
pPp18  79 – 157  31  (13.5)  0.88  (0.79) 
pPp19  130 – 146  5  (3.1)  0.65  (0.50)    Chapter 3 
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samples, regardless of whether the distance was measured in terms of FST or Nei`s 
unbiased genetic distance, the points for the two ‘replicate’ samples from each of the 
four western seaboard water bodies were very closely aligned to each other, while those 
for the two samples from Hervey Bay fell within those of a single relatively 
homogeneous group of samples from the eastern seaboard (Fig. 3.1). Secondly, the FST 
value between a pair of ‘replicate’ samples was never statistically different from zero 
(Table 3.2). Thirdly, the differences in allele frequencies at each of the six loci between 
‘replicate’ samples, as assessed by exact probability tests, were never statistically 
significant (see Table 3.2). 
 
The above results concerning the ‘replicate’ samples indicate that it is highly likely that 
any statistically significant differences in the allele frequencies between samples of 
Portunus pelagicus collected from different locations, particularly when these 
differences are associated with significant values of FST, will reflect the presence of 
genetic heterogeneity between the source assemblages. In any case, in view of the 
similarity in their allele frequencies, the ‘replicate’ samples from a single assemblage 
have been pooled to produce a larger sample for that assemblage and, unless stated 
otherwise, subsequent analyses have used these combined samples. 
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Table 3.2 Comparisons of the allele frequency distributions at each of six microsatellite 
loci between two 'replicate' samples from each of the five assemblages of Portunus 
pelagicus. For sample names see Table 2.1. The outcome of these comparisons is 
expressed in terms of the exact probability (P) that the allele frequencies at a locus do 
not differ between the two samples. For each comparison, the sizes of the 'first' (n1) and 
'second' (n2) samples are indicated. The FST value between replicate samples, and the 
probability that this value is not significantly different from zero (P`), is also indicated 
for each set of replicates. P and P` values ≤ 0.05 are marked with an *. None of the P or 
P` values was statistically significant after the significance levels were adjusted for 
multiple-tests, using a sequential Bonferroni procedure.   
 
Locus/ 
P/ 
Sample size 
FST 
PH CS PD SB HB 
pPp02 
P 
n1, n2 
 
0.102 
26, 31 
0.002* 
38, 49 
0.225 
27, 38 
0.019* 
57, 36 
0.495 
36, 38 
pPp04 
P 
n1, n2 
 
0.382 
26, 32 
0.806 
39, 40 
0.132 
28, 41 
0.104 
56, 35 
0.253 
36, 40 
pPp08 
P 
n1, n2 
 
0.050* 
26, 31 
0.490 
39, 49 
0.871 
26, 40 
0.767 
54, 35 
0.089 
32, 36 
pPp09 
P 
n1, n2 
 
0.347 
25, 23 
0.953 
36, 47 
0.019* 
28, 37 
0.313 
56, 35 
0.152 
36, 39 
pPp18 
P 
n1, n2 
 
0.850 
26, 30 
0.158 
36, 49 
0.845 
28, 23 
0.059 
56, 36 
0.152 
37, 39 
pPp19 
P 
n1, n2 
 
0.446 
21, 28 
 
0.056 
34, 43 
 
0.087 
28, 40 
 
0.446 
48, 26 
 
0.036* 
29, 35 
FST 
P` 
-0.004 
0.638 
0.002 
0.485 
0.005 
1.000 
0.001 
0.021* 
0.008 
0.014*    Chapter 3 
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Figure 3.1 A two-dimensional ordination of the values of microsatellite DNA genetic 
distance between pairs of samples of Portunus pelagicus. (a) Genetic distance = FST. (b) 
Genetic distance = Nei`s unbiased genetic distance. For sample names see Table 2.1. 
The stress value provides an indication of how accurately the variation in the underlying 
data set is portrayed in the MDS. In general, a stress value < 0.1 corresponds to a good 
ordination, with no real prospect of a misleading interpretation (Clarke & Warwick 
2001).  ¢ = western seaboard samples, ♦ = eastern seaboard samples and Ä = South 
Australian samples. DW is the Darwin sample from the north coast of Australia. 
¢GB 
¢PH1 
¢PH2 
¢CS1 
¢CS2 
¢PD1 
¢PD2
¢SB1 
¢SB2  ¢EG 
DW 
♦MBi  MBo ♦
WL♦♦MK 
♦HB2 
HB1♦ 
♦PS
ÄGSVw 
ÄGSVc 
ÄSGw 
ÄSGe  ÄWCR 
(a) 
Stress = 0.07
(b) 
Stress = 0.06
¢GB 
¢PH1 
¢PH2 
¢PD1 
¢PD2 
¢CS1 
¢CS2 
¢SB1 
¢SB2  ¢EG 
♦MBo 
♦MBi 
♦MK 
♦HB2 
♦WL 
♦PS
♦HB1 
DW 
ÄGSVc  ÄGSVw  ÄSGe 
ÄSGw 
ÄWCR    Chapter 3 
  59
3.3.3  Hardy-Weinberg Equilibrium 
 
The frequency of genotypes at each of the target microsatellite loci in the samples of 
Portunus pelagicus collected from assemblages on the eastern seaboard of Australia 
generally approached those expected under Hardy-Weinberg equilibrium expectations 
(Table 3.3). In fact, statistically significant departures from Hardy-Weinberg 
equilibrium expectations were restricted to an excess of homozygotes at the pPp04 and 
pPp09 loci in the sample from Hervey Bay in Queensland (Table 3.3). However, most 
of the eastern seaboard samples contained an excess of homozygotes at the pPp08 locus, 
i.e. HO < HE and α ≤ 0.05, but these excesses were not significant once the Bonferroni 
correction was applied (Table 3.3). 
 
The frequency of genotypes at each of the target microsatellite loci in the samples of 
Portunus pelagicus collected from western and central sites in Gulf Saint Vincent, 
eastern and western sites in Spencer Gulf and the west coast region in South Australia 
generally approached those expected under Hardy-Weinberg equilibrium expectations 
(Table 3.4). However, there was a statistically significant excess of homozygotes at the 
pPp04 locus in the sample from the western site in Gulf Saint Vincent and at the pPp02 
locus in the sample from the west coast region (Table 3.4). Some of the other samples 
from South Australia also showed evidence of an excess of homozygotes at the pPp02 
and/or the pPp04 loci, i.e. HO < HE and α ≤ 0.05, but these excesses were not significant 
once the Bonferroni correction was applied (Table 3.4). 
 
 
 
    Chapter 3 
  60
Table 3.3 The number of individuals genotyped (n), the number of alleles detected (A), 
the observed heterozygosity (HO) and the expected heterozygosity (HE) for each of six 
microsatellite loci in samples of Portunus pelagicus from the eastern seaboard of 
Australia and from Darwin in the Northern Territory. For sample names see Table 2.1. 
P is the probability that the genotype frequencies at a locus in a sample were not 
significantly different from those expected under Hardy-Weinberg equilibrium 
conditions.  P values less than 0.05 are marked with an *, while those that were 
statistically significant after the significance levels were adjusted for multiple-tests, 
using a sequential Bonferroni procedure, are also underlined. 
 
 
 
 
 
LOCUS 
Sample/Site  pPp02 pPp04  pPp08 pPp09 pPp18 pPp19 
MK         
  A  19 20  11 19 21  3 
  HO  0.87 0.85  0.71 0.76 0.89 0.39 
  HE  0.89 0.91  0.82 0.90 0.90 0.53 
  P  0.058 0.150 0.014* 0.059 0.385 0.158 
 n  46 46  46 46 36 36 
HB        
  A  18 19  12 19 22  3 
  HO  0.84 0.75  0.66 0.76 0.83 0.44 
  HE  0.88 0.90  0.84 0.92 0.89 0.53 
  P  0.025* 0.001* 0.006*  0.001* 0.116  0.192 
 n  74 76  68 75 76 64 
MBo         
  A  12 13  11 16 17  3 
  HO  0.90 0.85  0.71 0.81 0.88 0.57 
  HE  0.85 0.84  0.83 0.89 0.88 0.51 
  P  0.696 0.751 0.031* 0.518 0.941 0.851 
  n  39 39  38 37 41 37 
MBi         
  A  16 19  9  16 16  3 
  HO  0.95 0.68  0.70 0.86 0.97 0.53 
  HE  0.89 0.84  0.82 0.88 0.89 0.54 
  P  0.678 0.025* 0.003* 0.253  0.164  0.395 
  n  38 38  37 37 38 36 
WL         
  A  17 17  10 18 18  3 
  HO  0.84 0.89  0.61 0.88 0.95 0.46 
  HE  0.86 0.87  0.83 0.91 0.90 0.53 
  P  0.860 0.531 0.002* 0.506 0.755 0.052 
  n  51 47  44 42 43 43 
PS         
  A  10 12  6  9  11  3 
  HO  0.67 0.87  0.77 0.85 0.87 0.69 
  HE  0.85 0.88  0.79 0.86 0.89 0.56 
  P  0.015*  0.052  0.402 0.104 0.073 0.520 
  n  15 15  13 13 15 13 
DW         
  A  2 6  5 3 4 2 
  HO  1.00 0.50  0.75 0.50 0.75 0.25 
  HE  -  0.81  0.75 0.59 0.72 0.22 
  P  -  0.028* 0.657 1.000 0.314  - 
  n 1 4  4 4 4 4    Chapter 3 
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Table 3.4 The number of individuals genotyped (n), the number of alleles detected (A), 
the observed heterozygosity (HO) and the expected heterozygosity (HE) for each of six 
microsatellite loci in samples of Portunus pelagicus from South Australia. For sample 
names see Table 2.1. P is the probability that the genotype frequencies at a locus in a 
sample are not different from those expected under Hardy-Weinberg equilibrium 
conditions.  P values less than 0.05 are marked with an *, while those that were 
statistically significant after the significance levels were adjusted for multiple-tests, 
using a sequential Bonferroni procedure, are also underlined. 
 
 
 
 
 
LOCUS 
Sample/Site  pPp02 pPp04  pPp08 pPp09 pPp18 pPp19 
GSVc       
  A  15 13  6  9  11  3 
  HO  0.65 0.58  0.78 0.81 0.71 0.46 
  HE  0.86 0.73  0.74 0.77 0.81 0.51 
  P  0.015*  0.013* 0.178 0.551 0.206 0.471 
 n  46 48  50 47 49 48 
GSVw      
  A  16 17  8  10 11  2 
  HO  0.82 0.75  0.84 0.82 0.82 0.29 
  HE  0.85 0.82  0.62 0.79 0.75 0.48 
  P  0.085 0.000* 0.154 0.534 0.286 0.364 
 n  45 52  44 50 51 48 
SGw       
  A  14  12 6 9 9 2 
  HO  0.74 0.51  0.64 0.76 0.74 0.41 
  HE  0.87 0.77  0.77 0.82 0.79 0.49 
  P  0.021*  0.027* 0.628 0.247 0.323  0.007* 
  n  42 45  50 49 50 46 
SGe       
  A  16  16 8 9 8 2 
  HO  0.72 0.83  0.67 0.55 0.66 0.42 
  HE  0.86 0.78  0.60 0.67 0.66 0.50 
  P  0.026*  0.932  0.882 0.083 0.059 0.449 
  n  40 41  39 33 41 26 
WCR       
  A  11  5  6 4 5 2 
  HO  0.23 0.76  0.81 0.43 0.87 0.43 
  HE  0.82 0.71  0.72 0.51 0.71 0.50 
  P  0.000*  0.916  0.844 0.442 0.245 0.466 
  n  30 25  32 30 30 28    Chapter 3 
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Nine statistically significant departures from Hardy-Weinberg equilibrium expectations 
were detected from 36 tests (sample X locus combinations) for the samples of Portunus 
pelagicus from the six assemblages in Western Australia (Table 3.5). The distribution of 
these nine significant tests among loci was as follows: one at each of the pPp04, pPp08 
and pPp18 loci and two at each of the pPp02, pPp09, and pPp19 loci (Table 3.5). The 
distribution of these significant tests among samples was as follows: one in the samples 
from each of the Peel-Harvey Estuary, Cockburn Sound, Shark Bay and Exmouth Gulf, 
two in the sample from Geographe Bay and three in the sample from Port Denison 
(Table 3.5). Thus, although each locus and each sample showed at least one significant 
departure from Hardy-Weinberg equilibrium expectations, no single locus or single 
sample had a particularly high prevalence of such. However, if one also considers the 
sample-locus combinations that approached the level of statistical significance, then the 
each of the pPp02 and pPp09 loci (5/6 samples) and the sample from the Peel-Harvey 
Estuary (5/6 loci) appear to show a high prevalence (Table 3.5). As was the case for the 
samples from outside Western Australia, all significant and ‘almost significant’ 
departures from Hardy-Weinberg equilibrium expectations were in the form of an 
excess of homozygous genotypes (Table 3.5). 
 
Since the above results were based upon pooled samples for the Peel-Harvey Estuary, 
Cockburn Sound, Port Denison, Shark Bay on the western seaboard, and for Hervey 
Bay on the eastern seaboard, and since the pooling of genetically heterogeneous 
samples can generate excesses of homozygotes, I compared the incidence of departures 
from Hardy-Weinberg equilibrium expectations in the individual ‘replicates’ and the 
pooled sample for each of the above sets of ‘replicate’ samples. However, these 
comparisons revealed no clear pattern to the distribution of the homozygote excesses. 
Thus, for some sample-locus combinations, there was some evidence, i.e. α ≤ 0.05, of    Chapter 3 
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an excess of homozygotes in both of the ‘replicate’ samples, whereas, for other 
combinations, an excess of homozygotes occurred in only one of the two ‘replicates’ 
(Table 3.6). Furthermore, in some cases, the homozygote excesses were more extreme 
(as measured by the extent to which α values were less than 0.05) in a pooled sample, 
whereas, in some other cases, they were more extreme in one of the ‘replicates’ than in 
the pooled sample (Table 3.6). 
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Table 3.5 The number of individuals genotyped (n), the number of alleles detected (A), 
the observed heterozygosity (HO) and the expected heterozygosity (HE) for each of six 
microsatellite loci in samples of Portunus pelagicus from Western Australia. For 
sample names see Table 2.1. P is the probability that the genotype frequencies at a locus 
in a sample were not different from those expected under Hardy-Weinberg equilibrium 
conditions.  P values less than 0.05 are marked with an *, while those that were 
statistically significant after the significance levels were adjusted for multiple-tests, 
using a sequential Bonferroni procedure, are also underlined. 
 
 
 
LOCUS 
Sample/Site  pPp02 pPp04  pPp08 pPp09 pPp18 pPp19 
GB       
  A  13 11  4  11 11  3 
  HO  0.62 0.52  0.50 0.56 0.59 0.32 
  HE  0.78 0.76  0.53 0.81 0.68 0.51 
  P  0.012* 0.070  0.660 0.000* 0.082 0.000* 
 n  48 50  50 50 49 41 
PH      
  A  16 15  6  11 11  3 
  HO  0.63 0.66  0.44 0.77 0.75 0.35 
  HE  0.86 0.81  0.59 0.83 0.73 0.48 
  P  0.000* 0.005*  0.009* 0.041*  0.623  0.007* 
 n  57 58  57 48 56 49 
CS       
  A  15 14  7  10 11  4 
  HO  0.69 0.81  0.52 0.63 0.46 0.35 
  HE  0.81 0.85  0.58 0.85 0.51 0.48 
  P  0.003* 0.397  0.065  0.267 0.022* 0.000* 
  n  87 79  88 83 85 77 
PD       
  A  22 17  10 12 15  5 
  HO  0.66 0.70  0.59 0.68 0.69 0.84 
  HE  0.85 0.87  0.65 0.85 0.76 0.62 
  P  0.001* 0.000* 0.079  0.000* 0.031*  0.629 
  n  65 69  66 65 51 68 
SB       
  A  28 25  12 19 25  5 
  HO  0.78 0.86  0.54 0.67 0.72 0.50 
  HE  0.91 0.92  0.62 0.90 0.88 0.57 
  P  0.004* 0.192  0.023* 0.009* 0.000* 0.056 
  n  93 91  89 91 92 74 
EG       
  A  19 20  10 17 19  5 
  HO  0.76 0.74  0.46 0.71 0.72 0.59 
  HE  0.90 0.90  0.83 0.92 0.88 0.60 
  P  0.741 0.070 0.000* 0.003* 0.011*  0.172 
 n  37 39  37 38 39 39    Chapter 3 
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Table 3.6 Comparisons of the outcomes of tests for departures from Hardy-Weinberg 
Equilibrium Expectations at each of six microsatellite loci between two 'replicate' 
samples and a pooled sample, representing replicate 1 + replicate 2 combined, from 
each of five assemblages of Portunus pelagicus. For sample names see Table 2.1. The 
outcomes are expressed in terms of the exact probability that the genotype frequencies 
at a locus in a sample are not different from those expected under Hardy-Weinberg 
equilibrium conditions. P values less than 0.05 are marked with an *, while those that 
were statistically significant after the significance levels were adjusted for multiple-
tests, using a sequential Bonferroni procedure, are also underlined. The samples sizes 
are as in Table 3.2 NB. Significant departures from expectations were invariably in the 
form of excesses of homozygotes. 
 
  LOCUS 
Sample  pPp02 pPp04 pPp08 pPp09 pPp18 pPp19 
PH 
sample 1 
sample 2 
samples 1 & 2 
 
0.201 
0.000* 
0.000* 
 
0.279 
0.006* 
0.005* 
 
0.619 
0.007* 
0.009* 
 
0.306 
0.130 
0.041* 
 
0.382 
0.401 
0.623 
 
0.211 
0.013* 
0.007* 
CS 
sample 1 
sample 2 
samples 1 & 2 
 
0.020* 
0.088 
0.003* 
 
0.094 
0.446 
0.397 
 
0.003* 
0.818 
0.065 
 
0.035* 
0.995 
0.267 
 
0.016* 
0.075 
0.022* 
 
0.295 
0.001* 
0.001* 
PD 
sample 1 
sample 2 
samples 1 & 2 
 
0.037* 
0.000* 
0.000* 
 
0.000* 
0.000* 
0.000* 
 
0.706 
0.027* 
0.079 
 
0.000* 
0.018* 
0.000* 
 
0.040* 
0.090 
0.031* 
 
0.620 
0.331 
0.629 
SB 
sample 1 
sample 2 
samples 1 & 2 
 
0.030* 
0.000* 
0.004* 
 
0.023* 
0.946 
0.192 
 
0.001* 
0.878 
0.023* 
 
0.000* 
0.218 
0.009* 
 
0.000* 
0.008* 
0.000* 
 
0.688 
0.002* 
0.056 
HB 
sample 1 
sample 2 
samples 1 & 2 
 
0.036* 
0.738 
0.025* 
 
0.001* 
0.321 
0.001* 
 
0.049 
0.130 
0.006* 
 
0.011* 
0.003* 
0.001* 
 
0.005* 
0.546 
0.116 
 
0.048* 
0.651 
0.192 
 
 
3.3.4  Genetic Variation Among Assemblages of Portunus pelagicus in Australia 
3.3.4.1  Variation among geographic regions 
 
Overall, there was a large amount of genetic heterogeneity among the samples of 
Portunus pelagicus from throughout Australia. Accordingly, the value of FST for all of 
these samples combined was 0.098 and significantly different from zero. In general, a    Chapter 3 
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FST value in the range of 0.05 to 0.15 indicates the presence of a moderate amount of 
genetic differentiation (Hartl 1988). 
 
The spatial distribution of the microsatellite allele variation among the samples of 
Portunus pelagicus from throughout Australia has been summarized using multi-
dimensional scaling ordination (MDS) plots of the genetic distance measures (i.e. FST, 
Nei’s unbiased genetic distance) between all pairs of samples (Fig. 3.1). 
 
The MDS plot of the values of the genetic distance between all pairs of samples, 
whether measured in terms of either FST  or Nei`s genetic distance, indicates three 
important findings. Firstly, the samples from the eastern seaboard of Australia (ranging 
from Mackay in central Queensland to Port Stephens in central NSW) were all 
relatively closely aligned to each other and did not overlap with those of other regions 
(Fig. 3.1). Secondly, although there was considerable microsatellite allele heterogeneity 
among the samples from South Australia (i.e. the Gulf Saint Vincent, Spencer Gulf and 
the west coast region, FST = 0.046) these samples nevertheless formed a distinctive 
group relative to the samples from other geographic regions (Fig. 3.1). Finally, the 
samples from the western seaboard of Australia (ranging from Exmouth Gulf in the 
north to Geographe Bay in the south) showed a very high level of microsatellite allele 
heterogeneity (FST = 0.042), although they did not overlap with any of the samples from 
other regions (Fig. 3.1). The extent and distribution of the heterogeneity among the 
western seaboard samples is mainly described in section 3.3.4.2.3. However, in terms of 
regional variation, it is noteworthy that the samples from Shark Bay and Exmouth Gulf 
were, in the case of the dinucleotide loci, generally more similar to those on the eastern 
seaboard than they were to those on the lower western seaboard, i.e. to those south of 
Port Denison (Tables 3.7 & 3.12). However, all of the samples from the western    Chapter 3 
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seaboard could be clearly distinguished from all of those from the eastern seaboard by 
the fact that a 142 bp allele at the tetranucleotide locus occurred in a relatively high 
frequency in the former (minimum frequency = 0.46), but was extremely rare in the 
latter (maximum frequency = 0.08). 
 
The sample from Darwin differed from all other samples (Fig. 3.1; Tables 3.7 & 3.8).  
However, since the size of this sample is very small (n = 3 – 6, depending on the locus), 
the significance of this result is unclear. 
 
In general, the amount of genetic heterogeneity between samples from different 
geographical regions was large. Thus, the allele frequencies at all or most loci in any 
two samples from a different region were significantly different (Table 3.7). The only 
minor exception to this was that the allele frequencies at between one and four loci only 
were significantly different for comparisons between either of the two samples from the 
two most northerly sampling locations on the western seaboard, i.e. Shark Bay and 
Exmouth Gulf, versus any of those from the eastern seaboard (Table 3.7). Regardless, 
the FST values between any two samples representing different regions were, without 
exception, significantly different from zero, i.e. there was always significant 
heterogeneity in allele frequencies (Table 3.8). 
 
Finally, the hierarchical AMOVA analysis also indicated the presence of significant 
levels of regional genetic variation in Portunus pelagicus in Australian waters (see 
Table 3.9). In particular, although most of the total variance in the microsatellite allele 
frequency distributions occurred among the individuals within samples (87.5%) (due to 
the highly polymorphic nature of the markers), much of the remainder (9.7%) was 
attributable to differences among the samples from different geographic regions (Table    Chapter 3 
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3.9). (Nevertheless, there was also a significant amount of variation within regions 
(Table 3.9)).   
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Table 3.7 Comparison of allele frequency differences at six microsatellite loci between 
pairs of samples of Portunus pelagicus from different geographic regions in Australia, 
namely the eastern seaboard, the western seaboard, South Australia and Darwin in the 
Northern Territory. For each pair of samples, the outcomes of exact probability tests for 
allele frequency differences at each of the six loci, i.e. pPp02, pPp04, pPp08, pPp09, 
pPp18 and pPp19, are expressed as follows: (1) loci for which P > 0.05 are not listed; 
(2) loci for which P ≤ 0.05, but which did not exhibit statistically significant allele 
frequency differences once the level of significance was corrected for multiple tests, are 
indicated in standard text; (3) loci which exhibit statistically significant allele frequency 
differences are indicated in bold. If P ≤ 0.001, the locus is also underlined. Sample sizes 
are as shown in Tables 3.3 – 3.5. For sample names see Table 2.1. 
 
 
 
 
  South Australia  Eastern Seaboard   
  SGe  SGw  GSVc  GSVw  WCR  MBi  MBo HB  MK    PS  WL   DW 
Western 
Seaboard 
              
GB  2, 4, 8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 19
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
PH  2, 4, 8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 19
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 19
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
CS  2, 4, 8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 19
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
PD  2, 4, 8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 19
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 8, 9, 
18, 19
SB  2, 4, 8, 9, 
18, 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
2, 4, 8, 
9, 18, 
2, 4, 8, 
9, 18,
8, 18, 
19 
4, 8, 9, 
18, 19
2, 8, 9,
18, 19
8, 9, 
18, 19 
4, 8, 
9, 18, 
19 
4, 8, 9, 
18, 19
2, 8, 
19 
EG  2, 4, 8, 9, 
18, 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 19
2, 4, 8, 
9, 18,
4, 8, 
18, 19
4, 8, 
18, 19
4, 8, 
18, 19
8, 18, 
19  4, 19  4, 8, 
18, 19
2, 8, 
19 
DW 
        
2, 8, 19 2, 4, 8, 
19 
2, 4, 8, 
19  2, 8, 19  2, 4, 8, 
19  2, 8, 19  
South Australia                   
SGe 
         2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
SGw 
         2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
GSVc 
         2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
GSVw
         2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
WCR 
         2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8,
9, 18, 
19 
2, 4, 
8, 9, 
18, 19 
2, 4, 
8, 9, 
18, 19 
2, 4, 8, 
9, 18, 
19 
2, 4, 8, 
9, 18, 
19    Chapter 3 
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Table 3.8 F ST values between pairs of samples of Portunus pelagicus from different 
geographic regions in Australia, namely the eastern seaboard, the western seaboard, 
South Australia and Darwin in the Northern Territory. In each case, the value of FST was 
significantly different from zero, even after the level of significance was corrected for 
multiple tests. Sample sizes are as shown in Tables 3.3 – 3.5. For sample names see 
Table 2.1. 
 
 
 
 
 
Table 3.9 Hierarchical  analysis of microsatellite molecular variance (AMOVA) in 
Portunus pelagicus in Australia. Variance components over all loci and estimates of 
statistical significance (P-values) are indicated. Percentage of variation is indicated in 
parentheses. For sample names see Table 2.1. 
 
 
 
  South Australia  Eastern Seaboard   
  SGe  SGw  GSVc  GSVw WCR  MBi  MBo HB  MK     PS  WL   DW 
Western 
Seaboard 
           
GB  0.167 0.170 0.160 0.157 0.186 0.179 0.176 0.170 0.179 0.165 0.170 0.228 
PH  0.152 0.157 0.144 0.137 0.164 0.166 0.162 0.157 0.165 0.151 0.156 0.204 
CS 0.142 0.163  0.146  0.14  0.176  0.176 0.171 0.167 0.178 0.160 0.164 0.224 
PD  0.116 0.123 0.110 0.110 0.131 0.119 0.112 0.112 0.122 0.100 0.110 0.172 
SB  0.095 0.084 0.077 0.075 0.091 0.078 0.070 0.072 0.083 0.061 0.077 0.142 
EG  0.095 0.084 0.071 0.065 0.099 0.052 0.046 0.043 0.046 0.035 0.047 0.107 
DW           0.048 0.067 0.053 0.036  0.052  0.050  
South Australia            
SGe        0.159 0.157 0.134 0.155 0.131 0.136 0.242
SGw        0.132 0.136 0.115 0.127 0.112 0.122 0.211
GSVc        0.114 0.116 0.097 0.111 0.097 0.100 0.194
GSVw        0.105 0.112 0.093 0.108 0.091 0.103 0.180
WCR        0.129 0.128 0.119 0.136 0.137 0.121 0.218
Groups  within 
samples
among 
samples within 
groups 
among 
groups 
[GB, PH, CS, PD, SB, EG] [DW] 
[MBi, MBo, MK, HB, WL, PS] 
[SGe, SGw, GSVc, GSVw, WCR] 
2.302 
P = 0 
(87.48) 
0.076 
P = 0 
(2.87) 
0.254 
P = 0 
(9.65)    Chapter 3 
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3.3.4.2  Variation within geographic regions 
3.3.4.2.1  Eastern seaboard 
 
The allele frequencies at the six microsatellite loci in the samples of Portunus pelagicus 
from the eastern seaboard of Australia, i.e. from Mackay, Hervey Bay, inshore and 
offshore Moreton Bay, Wallis Lake and Port Stephens, were relatively homogeneous. 
For example, the FST  value for all samples combined was only 0.001 and not 
significantly different from zero. In addition, the allele frequencies at all loci, except 
pPp04, between all pairs of samples were not significantly different (see Table 3.10). 
Furthermore, the differences found at the pPp04 locus were effectively generated by an 
unusual allele frequency distribution at this locus in the small sample from Port 
Stephens (see Table 3.10). Similarly, except for that between the small sample from 
Port Stephens and the sample from offshore Moreton Bay, the FST values between pairs 
of samples from the eastern seaboard were not significantly different from zero (Table 
3.10). 
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Table 3.10 Comparisons of the allele frequency differences at six microsatellite loci 
between pairs of samples of Portunus pelagicus collected from the eastern seaboard of 
Australia. Above the diagonal - The outcome of exact probability tests for allele 
frequency differences at each of the six loci, i.e. pPp02, pPp04, pPp08, pPp09, pPp18 
and pPp19. For each pair of samples, the outcome of these tests is expressed as follows: 
(1) loci for which P > 0.05 are not listed; (2) loci for which P ≤ 0.05, but which did not 
exhibit statistically significant allele frequency differences once the level of significance 
was corrected for multiple tests, are indicated in standard text; (3) loci which exhibit 
statistically significant allele frequency differences are indicated in bold. If P ≤ 0.001, 
the locus is also underlined. Below the diagonal - FST values between pairs of samples. 
The statistical significance of the FST value, relative to zero, is indicated as follows.  ns 
= P > 0.05; * = 0.01 < P ≤ 0.05; ** = 0.001 < P ≤ 0.01; *** = P ≤ 0.001. P values that 
were statistically significant once the level of significance was corrected for multiple 
tests are underlined. Sample sizes are as indicated in Table 3.3. For sample names see 
Table 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.4.2.2  South coast 
 
In contrast to the situation for the eastern seaboard, there was considerable 
heterogeneity in allele frequencies at the target microsatellite loci among the samples of 
Portunus pelagicus from South Australia, i.e. from central and west Gulf Saint Vincent, 
east and west Spencer Gulf and the west coast region. For example, the FST value for all 
Sample MBi  MBo  HB  MK  PS  WL 
MBi ---   
 
 
  8  4, 8  8 
MBo  0.003 
ns  ---   
    4, 9  4 
HB  0.000 
ns 
0.001 
ns  ---    4   
 
MK  0.002 
ns 
0.003 
ns 
-0.001 
ns  --- 4  18 
PS  0.007 
** 
0.013 
** 
-0.002 
ns 
0.001 
ns  ---  4 
WL  0.004 
ns 
0.005 
ns 
-0.002 
ns 
0.001 
ns 
-0.001 
ns  ---    Chapter 3 
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these samples combined (0.046) was significantly different from zero and an order of 
magnitude higher than that for the eastern seaboard samples (0.001). Much of the 
heterogeneity was contributed by the relatively distinctive sample from the west coast 
region. Thus, the allele frequencies at four or five of the loci (but never the 
tetranucleotide, pPp19) in the sample from the west coast region differed significantly 
from those in the samples from the two gulfs (Table 3.11). Furthermore, the FST values 
for comparisons between the sample from the west coast region and the gulf samples 
always differed significantly from zero (Table 3.11). 
 
There was also significant genetic heterogeneity between the samples of Portunus 
pelagicus  from the neighbouring Gulf Saint Vincent and Spencer Gulf and even 
between the samples from east and west Spencer Gulf. The sample from east Spencer 
Gulf, in particular, was relatively distinct. Thus, the allele frequencies at two or three 
loci in this sample were significantly different compared to those in the sample from 
either central or west Gulf Saint Vincent (Table 3.11). In addition, the allele frequencies 
at the pPp18 locus in this east Spencer Gulf sample were significantly different to those 
in the sample from west Spencer Gulf (Table 3.11). Furthermore, the FST value between 
the east Spencer Gulf sample and either of the samples from Gulf Saint Vincent or the 
sample from west Spencer Gulf was significantly different from zero (Table 3.11). 
 
The sample from west Spencer Gulf also showed significant genetic differences in 
comparison with the samples from Gulf Saint Vincent. In particular, the allele 
frequencies at the pPp18 locus and at the pPp02, pPp04 and pPp08 loci in this sample 
were significantly different to those in, respectively, the one from central Gulf Saint 
Vincent and the one from west Gulf Saint Vincent (Table 3.11). Similarly, the FST value    Chapter 3 
  74
between the sample from west Spencer Gulf and either of the samples from Gulf Saint 
Vincent was significantly different from zero (Table 3.11).  
 
Since the significant allele frequency differences between the sample from west Spencer 
Gulf and those from central and west Gulf Saint Vincent involved different loci (see 
above, this section), this could imply that there was genetic heterogeneity between the 
two samples from Gulf Saint Vincent. Certainly, the differences in the allele frequencies 
at the pPp02 and pPp18 loci between the samples from west and central Gulf Saint 
Vincent approached the level expected for statistical significance (Table 3.11). 
However, the allele frequencies at no loci in these two samples were significantly 
different and the FST value between these samples was not significantly different from 
zero, i.e. the differences between the two samples from Gulf Saint Vincent were minor 
(Table 3.11). 
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Table 3.11 Comparisons of the allele frequency differences at six microsatellite loci 
between pairs of samples of Portunus pelagicus collected from South Australia.  Above 
the diagonal - The outcome of exact probability tests for allele frequency differences at 
each of the six loci, i.e. pPp02, pPp04, pPp08, pPp09, pPp18 and pPp19. For each pair 
of samples, the outcome of these tests is expressed as follows: (1) loci for which P > 
0.05 are not listed; (2) loci for which P ≤ 0.05, but which did not exhibit statistically 
significant allele frequency differences once the level of significance was corrected for 
multiple tests, are indicated in standard text; (3) loci which exhibit statistically 
significant allele frequency differences are indicated in bold. If P ≤ 0.001, the locus is 
also underlined. Below the diagonal - FST values between pairs of samples. The 
statistical significance of the FST value, relative to zero, is indicated as follows.  ns = P 
> 0.05; * = 0.01 < P ≤ 0.05; ** = 0.001 < P ≤ 0.01; *** = P ≤ 0.001. P values that were 
statistically significant once the level of significance was corrected for multiple tests are 
underlined. Sample sizes are as indicated in Table 3.4. For sample names see Table 2.1. 
 
 
 
 
3.3.4.2.3  Western seaboard 
 
There was considerable genetic heterogeneity among the samples of Portunus pelagicus 
from the western seaboard of Australia, i.e. from Exmouth Gulf, Shark Bay, Port 
Denison, Cockburn Sound, the Peel-Harvey Estuary and Geographe Bay. The FST value 
for all these samples combined was 0.042 and hence was comparable to that for the 
Sample SGe  SGw  GSVc  GSVw  WCR 
SGe ---  2,  18 4,  8, 18  4, 8, 18  2, 4, 8, 
9, 18 
SGw  0.044 
***  --- 4,  8,  18  2, 4, 8  2, 4, 8, 
9, 18 
GSVc  0.035 
*** 
0.019 
***  --- 2,  18  2, 4, 8, 
9, 18 
GSVw  0.056 
*** 
0.017 
*** 
0.009 
ns  ---  2, 4, 8, 
9, 18 
WCR  0.133 
*** 
0.092 
*** 
0.058 
*** 
0.070 
***  ---    Chapter 3 
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samples from South Australia (0.046), but much greater than that for the eastern 
seaboard samples (0.001). 
 
The main results concerning the extent and patterns of microsatellite variation in the 
samples of Portunus pelagicus from the western seaboard were as follows. 
 
Firstly, there was considerable heterogeneity between samples from north of Port 
Denison,  i.e. Shark Bay and Exmouth Gulf, versus those from the lower western 
seaboard south of Port Denison, i.e. Cockburn Sound, the Peel-Harvey Estuary and 
Geographe Bay (see Fig. 3.1; Table 3.12).  
 
Secondly, there was statistically significant heterogeneity between the samples from the 
north of Port Denison, i.e. Shark Bay and Exmouth Gulf, which are separated by 
approximately 400 km, although the extent of this heterogeneity was noticeably less 
than that for the above-mentioned north versus south comparison (see Table 3.12).  
 
Thirdly, among the samples from south of Port Denison, the allele frequencies at all six 
loci in the samples from the two most southerly locations, i.e. Geographe Bay and the 
Peel-Harvey Estuary, were effectively homogeneous (Table 3.12). However, the sample 
from Cockburn Sound was relatively distinctive (Table 3.12), despite the fact that 
Cockburn Sound is located only ~50 km and ~130 km north of, respectively, the Peel-
Harvey Estuary and Geographe Bay (see Fig. 2.1). 
 
Fourthly, the sample from Port Denison was in some ways intermediate between the 
samples from north of Port Denison and those from the south of this locality (see Figs. 
2.1 & 3.1; Table 3.12). However, it was more closely aligned with the ‘southern’    Chapter 3 
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samples, in particular those from Geographe Bay and the Peel-Harvey Estuary, than 
with the ‘northern’ samples (see Figs. 2.1 & 3.1; Table 3.12). 
 
Table 3.12 Comparisons of the allele frequency differences at six microsatellite loci 
between pairs of samples of Portunus pelagicus collected from Western Australia.   
Above the diagonal - The outcome of exact probability tests for allele frequency 
differences at each of the six loci, i.e. pPp02, pPp04, pPp08, pPp09, pPp18 and pPp19. 
For each pair of samples, the outcome of these tests is expressed as follows: (1) loci for 
which P > 0.05 are not listed; (2) loci for which P ≤ 0.05, but which did not exhibit 
statistically significant allele frequency differences once the level of significance was 
corrected for multiple tests, are indicated in standard text; (3) loci which exhibit 
statistically significant allele frequency differences are indicated in bold. If P ≤ 0.001, 
the locus is also underlined. Below the diagonal - FST values between pairs of samples. 
The statistical significance of the FST value, relative to zero, is indicated as follows.  ns 
= P > 0.05; * = 0.01 < P ≤ 0.05; ** = 0.001 < P ≤ 0.01; *** = P ≤ 0.001. P values that 
were statistically significant once the level of significance was corrected for multiple 
tests are underlined. Sample sizes are as indicated in Table 3.5. For sample names see 
Table 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample  GB  PH CS PD SB EG 
GB ---  9  4, 18, 19  2, 8, 19  2, 4, 8, 
9, 18, 19 
2, 4, 8, 
9, 18, 19 
PH  -0.001 
ns  ---  4, 18  4, 8, 9, 
18, 19 
2, 4, 8, 
9, 18, 19 
2, 4, 8, 
9, 18, 19 
CS  0.027 
*** 
0.022 
***  ---  2, 4, 8, 
9, 18, 19 
2, 4, 8, 
9, 18, 19 
2, 4, 8, 
9, 18, 19 
PD  0.010 
** 
0.008 
** 
0.029 
***  ---  2, 4, 8, 
9, 19 
2, 4, 8, 
9, 18, 19 
SB  0.074 
*** 
0.062 
*** 
0.068 
*** 
0.027 
***  --- 4,  8 
EG  0.088 
*** 
0.073 
*** 
0.084 
*** 
0.041 
*** 
0.019 
***  ---    Chapter 3 
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3.4  Discussion 
3.4.1  Methodological Considerations 
 
The spatial patterns of microsatellite variation in Portunus pelagicus can be used to 
infer the factors that may play an important role in promoting genetic subdivision (or 
conversely promoting genetic homogeneity) in this species in Australian waters.   
However, before discussing these factors, I note three assumptions that underlie these 
inferences.   
 
Firstly, on the basis of the genetic similarity of the ‘replicate’ samples, I have assumed 
that significant allele frequency differences among samples, when these differences 
occurred at multiple loci and/or were associated with significant values of FST, reflect 
the presence of genetic heterogeneity between the source assemblages (see section 
3.3.2).   
 
Secondly, I have assumed that the microsatellite loci are effectively ‘selectively neutral’ 
and thus that any apparent genetic heterogeneity between assemblages of Portunus 
pelagicus has arisen via restrictions to gene flow. This assumption was made on the 
basis of evidence presented and discussed in sections 5.2.3.1, 5.3.2 & 5.4.1. 
 
Thirdly, I have assumed that the microsatellite loci are in linkage equilibrium. This 
assumption was made on the basis that Fisher’s exact probability test, using the Markov 
chain method, implemented in the software package GENEPOP (Raymond & Rousset 
1999), revealed no evidence of linkage disequilibrium/interdependence among the loci 
(results no shown).  
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3.4.2  Do Assemblages of Portunus pelagicus Comprise a Randomly Mating 
Group of Individuals? 
 
Since overall the genotype frequencies in most samples at most of the sampled 
microsatellite loci were not significantly different from those expected under Hardy-
Weinberg equilibrium conditions, it seems likely that the individuals of Portunus 
pelagicus within a water body generally mate at random. This conclusion is 
strengthened by the fact that the samples collected from two different sites within 
Moreton Bay were essentially homogeneous, as were samples from different sites 
within Gulf Saint Vincent (but not samples from different sites in Spencer Gulf - 
discussed later in section 3.4.4.2.2). Nevertheless, there was a widespread incidence of 
departures from Hardy-Weinberg equilibrium expectations, invariably in the form of 
homozygote excesses, amongst the samples of P. pelagicus, particularly those from the 
western seaboard. 
 
On the basis of their somewhat inconsistent distribution between ‘replicate’ samples, it 
appears that the detected departures from Hardy-Weinberg equilibrium expectations in 
the samples of Portunus pelagicus are mainly or entirely due to sampling artefacts, such 
as random sampling errors and/or the inconsistent amplification of certain (null) alleles. 
In this regard, it is noteworthy that: (i) the significant or ‘almost significant’ departures 
from Hardy-Weinberg equilibrium expectations were invariably due to excesses of 
homozygotes, as would be expected if the artefacts were mainly due to the presence of 
null alleles and (ii) the analysis of microsatellite data via the program “MICRO-
CHECKER” (Van Oosterhout et al. 2004) also indicates that the detected departures 
from Hardy-Weinberg equilibrium expectations were mainly due to the presence of null 
alleles (results not shown).      Chapter 3 
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While it does seem clear that the detected patterns of variation at the six microsatellite 
loci in the samples of Portunus pelagicus have been influenced to some extent by the 
presence of null alleles, it is worth noting that Bryars & Adams (1999) also detected 
excesses of homozygotes at allozyme loci in a small proportion of their samples of this 
species. This raises the possibility that some real population-level process is generating 
homozygote excesses in this species at certain times and/or locations, but which might 
be largely obscured in the current data set due to the presence of null alleles. Certainly, 
such processes as the fine-scale subdivision of breeding groups or differences in the 
fecundity and/or viability of the pre-settlement versus the post-settlement stages have 
been reported to generate homozygotes excesses in the populations of a range of benthic 
marine species with planktonic larval phases (see Johnson & Black 1984a; Zouros & 
Foltz 1984; Ayre & Dufty 1994; García De León et al. 1997; Pudovskis et al. 2001).   
 
Ultimately, it was partly to test for the presence of/accommodate the potential for 
sampling artefacts, such as null alleles, that replicate samples were included in this 
microsatellite-based investigation into the population genetic structure of Portunus 
pelagicus. Fortunately, the comparisons of the ‘replicate’ samples indicate that, while 
sampling artefacts may have had some influence, they do not seem to have been 
sufficient to generate statistically significant allele frequency differences (see section 
3.3.2). 
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3.4.3  Intrinsic Dispersal Potential 
 
Before proceeding to discuss extrinsic barriers to gene flow, it is important to assess the 
intrinsic dispersal potential of Portunus pelagicus in Australian waters. The 
combination of the following four points indicates that single individuals of this species 
will rarely travel more than ~300 km from their natal assemblage in these waters and 
not necessarily in a straight line. (1) Long distance dispersal in P. pelagicus is probably 
mediated via the passive dispersal of the planktonic larval phase rather than through the 
movements of adults or juveniles (see section 1.1), as appears to be the case for a 
variety of other ‘benthic’ species from coastal environments (Hedgecock 1986; Myers 
1997). (2) The duration of the larval phase in P. pelagicus is ~21 days at 25°C in a 
laboratory environment (Bryars 1997). (3) Geostrophic and wind-induced currents are 
the most likely method for the long distance transport of the larvae (Myers 1997). (4) 
Such currents that move through coastal environments in Australia have average speeds 
of less than 15 km per day and turbulent flows (Boland & Church 1981; Pearce 1991). 
 
Consequently, the amount of gene exchange per generation between assemblages of 
Portunus pelagicus that are separated by more than ~300 km is likely to be restricted.  
However, genetic connections between more distant assemblages could be maintained 
via the cumulative effects of stepping stone dispersal over multiple generations, 
providing that there are no discontinuities in the distribution of suitable habitat for the 
benthic adults and juveniles that exceed the usual dispersal distance of individuals (e.g. 
Richardson et al. 1986). Nevertheless, since the extent of the geographic range of P. 
pelagicus in Australian waters is so much greater than the typical dispersal distance of 
single individuals, it seems highly likely that gene flow in P. pelagicus in these waters    Chapter 3 
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will ultimately be limited by geographic distance per se, even if the potential for 
stepping stone dispersal in some locations extends the geographical extent of this limit. 
 
3.4.4  Genetic Variation Among Assemblages of Portunus pelagicus in Australia 
3.4.4.1  Variation among geographic regions 
 
The microsatellite data indicate that Portunus pelagicus shows significant levels of 
genetic heterogeneity in Australian waters among geographic regions (i.e. among the 
eastern and western seaboards and South Australia on the south coast and Darwin on the 
north coast) and also within South Australia and along the western seaboard. 
 
A previous study of the patterns of variation at seven polymorphic allozyme loci in 
Portunus pelagicus in Australian waters revealed the presence of genetic differentiation 
among the assemblages of this species in South Australia and also between these South 
Australian assemblages and those on the eastern, northern and western seaboards of 
Australia, but not among eastern, northern and western seaboard assemblages (Bryars & 
Adams 1999). The higher resolution offered by the present study is probably due to a 
combination of more intensive sampling on the eastern and western seaboards and the 
relatively high information content of the microsatellite markers (e.g. O'Connell & 
Wright 1997). 
 
The results of this study add to an increasing body of evidence that challenges the 
simplistic notion that widespread marine species with a significant planktonic larval 
phase are usually genetically homogeneous over large geographic areas (see Hedgecock 
1986; Avise 1994; Palumbi 1994; Hilbish 1996). The geographic range of Portunus    Chapter 3 
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pelagicus is centred in tropical waters, while (for various logistical reasons, see section 
2.1) this study has focussed on the temperate margins of this range. Some species are 
more strongly sub-divided in the periphery of their range (e.g. Palumbi et al. 1997; 
Hutchison 2003) and the above focus may have contributed to the extent of 
differentiation that was detected in P. pelagicus. Nevertheless P. pelagicus also 
exhibited significant microsatellite differentiation between sampling sites that are 
situated north of the tropic of Capricorn (e.g. Exmouth Gulf on the western seaboard 
versus Mackay on the eastern seaboard) and between sampling sites that occur in the 
vicinity of this tropic on the western seaboard (i.e. Exmouth Gulf versus Shark Bay). 
Thus, genetic subdivision in P. pelagicus, even over moderate geographic distances, is 
not restricted to marginal habitats. 
 
The broad-scale attributes of the population genetic structure of Portunus pelagicus in 
Australian waters, as suggested by the microsatellite evidence, raises some interesting 
questions. In particular: (1) Why are the assemblages from the different geographic 
regions genetically distinct? (2) Why are the assemblages in South Australia and on the 
lower western seaboard of Australia each highly distinctive? and (3) Why are the 
assemblages at Exmouth Gulf, and to a lesser extent Shark Bay, intermediate in some 
ways between those on the lower western seaboard and those on the eastern seaboard of 
Australia? In order to effectively answer these questions, it is necessary to have a good 
understanding of the both the contemporary and historical influences on the population 
genetic structure of P. pelagicus in Australian waters. The present chapter is focussed 
on providing the former, while one of the main purposes of Chapter 5 is to elucidate the 
latter. Thus, these questions will be addressed in Chapter 5 in view of information on 
both the major contemporary and historical influences on the population genetic 
structure of P. pelagicus in Australian waters.    Chapter 3 
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3.4.4.2  Variation within geographic regions 
3.4.4.2.1  Eastern seaboard 
 
Microsatellite evidence indicates that the assemblages of Portunus pelagicus on the 
eastern seaboard of Australia, ranging from Mackay in central Queensland to Port 
Stephens in central New South Wales, are effectively homogeneous. The most likely 
explanation of this finding is that the amount of gene flow in this species along this 
section of the coast is, or has been in the recent past, sufficient to prevent or retard 
genetic differentiation of the assemblages in this area. This finding is consistent with 
three features of this section of the eastern seaboard that could promote dispersal, and 
hence gene flow, in this species. 
 
Firstly, the Eastern Australian Current, which comprises a predominantly southward 
flow of warm water along the eastern seaboard of Australia, is relatively strong and 
persistent in the sampling region (see Murray-Jones & Ayre 1997; Hoskin 2000) and 
provides an obvious method for the dispersal of the larvae of Portunus pelagicus.  
Certainly, the (limited amount of) available information suggests that, so long as they 
recruit from a planktonic larval phase that lasts for days or weeks, benthic marine 
invertebrates, tend to show limited amounts of, if any, population sub-division over 
100s km on the eastern seaboard of Australia, e.g. the paneid Metapenaeus bennettae, 
FST = not provided (Salini 1987);  the starfish Patiriella calcar, F ST = 0.001 (Hunt 
1993); the bivalve Donax deltoides, FST = 0.009 (Murray-Jones & Ayre 1997). 
 
Secondly, at least all of the sampled water bodies on the eastern seaboard (or spawning 
sites adjacent to the sampled estuaries) have relatively strong hydrological connections    Chapter 3 
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with the surrounding ‘ocean’ waters (see section 2.2.3) and thus present no major 
physical barriers to the movement of the larvae of Portunus pelagicus out of or into 
these water bodies. 
 
Thirdly, estuaries and sheltered coastal environments, i.e. the type of habitat required by 
the adults and juveniles of Portunus pelagicus, are more or less continuously distributed 
in this region (see Fig. 3.2). In fact, although I cannot rule out the possibility that single 
individuals of P. pelagicus traverse the entire 1,500 km of this section of coastline, it 
seems more likely that the genetic homogeneity in this species throughout this region is 
maintained by the cumulative effects of stepping stone dispersal over multiple 
generations, which is in turn facilitated by the invariably relatively short distances 
between patches of suitable habitat (see section 3.4.3). 
 
The only suggestion of significant genetic heterogeneity in Portunus pelagicus on the 
eastern seaboard was the unusual allele frequency distribution at the pPp04 locus in the 
sample from Port Stephens. Since this sample was of a very small size, it is most likely 
that this anomaly is the result of a random sampling error. However, it is worth noting 
that Port Stephens was the most southern sampling point on the eastern seaboard and it 
is possible that dispersal in P. pelagicus is inhibited by the relatively cold water 
temperatures that it encounters in the more southern extremes of its range in Australia 
(see sections 3.4.4.2.2 & 3.4.4.2.3). Furthermore, in eastern Australia, the distribution of 
P. pelagicus extends south to at least about Eden (~37˚S) and hence into cold temperate 
waters (see Briggs 1978). Thus, even if the unusual result concerning Port Stephens is 
simply due to a sampling error, P. pelagicus may well show genetic subdivision further 
south of Port Stephens on the eastern seaboard of Australia. Related to this, while 
ideally it would have been worthwhile to test for evidence of an isolation-by-distance    Chapter 3 
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effect in the allele frequency variation along the sampled section of the east coast, in 
practice the extent of the genetic differences between the replicate samples from Harvey 
Bay indicate that the amount of noise in the data set would have obscured any signal of 
such, if present (e.g. see Fig. 3.1 & Table 3.2). 
 
 
Figure 3.2 Distribution of estuaries along the Australian coastline indicated by black 
dots. Adapted from Dennisol & Abal (1999). 
 
 
3.4.4.2.2  South coast 
 
Although the Portunus pelagicus from South Australia constitute the most genetically 
distinctive representatives of this species in Australia, the microsatellite markers of the 
present study and the allozyme markers used in the study of Bryars & Adams (1999) 
both indicate that the assemblages of this species in Gulf Saint Vincent, Spencer Gulf 
and the west coast region are also each genetically distinct. Both of these studies also 
found that the genetic differences between the assemblage in the west coast region and 
those of Spencer Gulf and Gulf Saint Vincent were much greater than those between the 
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assemblages in these two neighbouring gulfs. This could imply that the assemblage of 
this species in the west coast region is completely isolated from those in the two gulfs. 
 
The marked genetic heterogeneity in Portunus pelagicus that was found over 
approximately 500 km of coastline in South Australia contrasts sharply with the general 
lack of heterogeneity present among the assemblages of this species on the eastern 
seaboard between Mackay and Port Stephens. This contrast implies that, there is, or has 
recently been, significantly more gene flow in P. pelagicus along a 1,500 km section of 
the eastern seaboard of Australia than over a 500 km stretch of the coastline in South 
Australia. 
 
Gene flow in Portunus pelagicus between the west coast region of South Australia and 
either Spencer Gulf or Gulf Saint Vincent is probably restricted through the presence of 
barrier(s) to the dispersal of this species in this region. (The less likely alternative 
explanation is that gene flow is retarded through the presence of significant barriers to 
the reproductive success of immigrants.) In particular, dispersal in P. pelagicus between 
the west coast region and the two gulfs is probably limited by one or more of the 
following factors. 
 
Firstly, density fronts that form at the entrances to both Gulf Saint Vincent and Spencer 
Gulf during the summer months, when Portunus pelagicus typically spawns in these 
waters, could block the passage of the larvae of this species into or out of either gulf 
(see sections 2.2.4.1 & 2.2.4.2). 
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Secondly, upwellings in the west coast region may tend to disperse any larvae of 
Portunus pelagicus that immigrate to this region away from inshore settlement habitats 
(see section 2.2.4.3). 
 
Thirdly, there is no evidence to suggest that adults or juveniles of Portunus pelagicus 
migrate over long distances and the duration of the larval phase of this species is 
consistent with the view that the larvae may usually disperse only over relatively short 
distances (see section 3.4.3). If this is the case, significant amounts of genetic exchange 
over relatively long distances could still be possible, but only via a 'stepping stone' 
effect (see sections 3.4.3 & 3.4.4.2.1). However, P. pelagicus may have a very limited 
capacity to bridge any discontinuity in its distribution that exceeds the usual dispersal 
distance of single individuals. Hence, gene flow along the ~400 km of coastline that 
separates the west coast region from the nearest gulf, i.e. Spencer Gulf, could be 
restricted because single individuals are usually dispersed only over smaller distances 
and ‘stepping stone’ dispersal is inhibited by the absence of habitats suitable for 
juvenile and adult crabs in this section of coastline (see Bryars 1997). 
 
Fourthly, the temperatures of the surface waters of the Southern Ocean surrounding 
Gulf Saint Vincent, Spencer Gulf and the west coast region in South Australia are at 
about the lower limit required for the normal development of the larvae of Portunus 
pelagicus (~18˚C) (see Bryars 1997). The juveniles and adults of this species may also 
be relatively inactive in such low temperatures (see Bryars 1997). For these reasons, 
individuals of P. pelagicus may rarely survive in the 'cold' oceanic waters outside the 
above three embayments and, if so, would be particularly unlikely to traverse the 
relatively long stretch of 'cold' water between the west coast region and the two gulfs.  
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Although the genetic composition of the assemblages of Portunus pelagicus in Gulf 
Saint Vincent and Spencer Gulf were more similar to each other than either is to that of 
the assemblage in the west coast region, this species nevertheless shows genetic sub-
division between these two gulfs. Certainly, both the present microsatellite study and 
the allozyme study of Bryars & Adams (1999), which used independent samples, found 
that the allele frequencies at certain loci in samples of this species from Gulf Saint 
Vincent were significantly different to those in samples from Spencer Gulf. 
Furthermore, in the present study, the values of FST between the samples from these two 
gulfs were always significantly different from zero, although such was not the case in 
the allozyme study. This difference between the two studies is likely due to the higher 
information content/greater sensitivity of the microsatellite markers.   
 
The presence of genetic heterogeneity in Portunus pelagicus between Gulf Saint 
Vincent and Spencer Gulf might seem surprising in the sense that it indicates that gene 
flow is restricted between the assemblages in two water bodies that are in very close 
geographical proximity. However, as implied in points 1 & 4 above, there are certain 
aspects of hydrological conditions in this region of South Australia that could hinder the 
dispersal of this species, not only to or from the more distant west coast region, but also 
between the neighbouring Gulf Saint Vincent and Spencer Gulf. Thus, the genetic and 
hydrological evidence suggest a complementary picture - there is restricted gene flow 
between the P. pelagicus found in Gulf Saint Vincent and Spencer Gulf because of the 
presence of hydrological barriers to the dispersal of this species. 
 
From the available evidence, it is not possible to determine whether the assemblages of 
Portunus pelagicus in Gulf Saint Vincent and Spencer Gulf are completely isolated 
from each other in the contemporary environment. Given the close geographical    Chapter 3 
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proximity of the two gulfs, it seems reasonable to expect either that (i) a very small 
number of individuals of P. pelagicus migrate between the two gulfs every generation 
or so, or (ii) the temporary loss of a dispersal barrier could allow for occasional pulses 
of migration. Such types of weak genetic connections can retard the evolution of 
substantial differentiation and hence could explain why the differences in the genetic 
compositions of the assemblages in Gulf Saint Vincent and Spencer Gulf are relatively 
minor in comparison with their distinctiveness from the west coast region assemblage. 
However, it is also possible that the relative similarity of assemblages in the two gulfs 
more strongly reflects patterns of historical connections among these assemblages rather 
than any patterns of contemporary gene flow (Bryars & Adams 1999). 
 
Local fishers have speculated about the presence of an inshore and an offshore stock of 
Portunus pelagicus within Spencer Gulf in South Australia (see Bryars & Adams 1999). 
Although the allozyme study of Bryars & Adams (1999) found no evidence of genetic 
heterogeneity within the assemblages of this species in Spencer Gulf, the present 
microsatellite study found a significant allele frequency difference at one locus, and a 
significant value of FST, between samples from a western and eastern site in this water 
body. Neither of these studies found significant genetic differences between samples 
collected from different sites within Gulf Saint Vincent.  
 
Models, that incorporate information about the hydrological conditions and distribution 
of the larvae of Portunus pelagicus within Gulf Saint Vincent, indicate that, in an 
average year, the zoeae of this species are dispersed throughout the upper reaches of this 
system (Bryars 1997). A similar detailed study of the situation in Spencer Gulf has not 
been undertaken, although the available evidence indicates that the zoeae of P. 
pelagicus are likely to also be well mixed within Spencer Gulf (Bryars 1997). In any    Chapter 3 
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case, most of the juveniles and adults of this species in Gulf Saint Vincent and Spencer 
Gulf are found in the upper regions of these systems (Bryars 1997), and all of our 
samples were obtained from these regions. The juveniles and adults undergo a distinct 
pattern of seasonal movements within these two water bodies, retreating from shallow 
inshore waters, where they spend the warmer months (September to April), to deeper 
offshore waters during the colder months of May to August (Bryars 1997). Thus, there 
is seemingly a high potential for the larvae, juveniles and adults of P. pelagicus to mix 
within each of Gulf Saint Vincent and Spencer Gulf. 
 
On this basis of the hydrological and biological evidence explained above, the presence 
of genetically isolated sub-groups of Portunus pelagicus within Spencer Gulf (or Gulf 
Saint Vincent), particularly within the upper reaches seems unlikely. In general, random 
and/or selective sorting of genetic variation can occur within a single cohort of a 
population, as individuals recruit to one site or another or survive or die. Such sorting of 
genetic variation can lead to the presence of subtle (and ephemeral) genetic 
heterogeneity within a mixed population (e.g. Johnson & Black 1984b; Watts et al. 
1990; Moberg & Burton 2000) and provides a plausible explanation for the subtle fine-
scale microsatellite heterogeneity in P. pelagicus in Spencer Gulf. 
 
3.4.4.2.3  Western seaboard 
 
The genetic heterogeneity among the assemblages of Portunus pelagicus on the western 
seaboard of Australia provides a stark contrast with the homogeneity found among 
those from the eastern seaboard. This contrast is important considering that (i) sampling 
was conducted over a similar distance (~1500 km) and latitudes (~21° to ~33°) and with    Chapter 3 
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a similar number of and spacing between individual sampling points in both regions 
(see section 2.1), and (ii) there is a southward movement of warm water along both the 
western and eastern seaboards of Australia. This movement on the western seaboard, 
termed the Leeuwin Current, flows faster within the sampled latitudes than its eastern 
seaboard counterpart, i.e. the Eastern Australian Current (see Hamon et al. 1975; 
Boland & Church 1981; Pearce 1991). Furthermore, although the Leeuwin Current 
tends to move off the continental shelf and flow along the shelf break south of about 
27˚S (Hutchins 1991), it may nevertheless still spread onto the shelf at higher latitudes 
(Cresswell et al. 1989). Regardless, the (wind-induced) currents that do flow on this 
shelf south of 27˚S could disperse the larvae of P. pelagicus as effectively as the 
Leeuwin Current (see Cresswell et al. 1989). 
 
The following observations provide three plausible explanations for the marked genetic 
heterogeneity of Portunus pelagicus in the region surveyed on the western seaboard. 
 
Firstly, permanent estuaries and sheltered coastal waters are rare and tend to be widely 
spaced within the northern sector of the surveyed section of the western seaboard, 
specifically from about ~200 km north of Port Denison to Exmouth Gulf (see Kirkman 
& Walker 1989 & Fig. 3.2). Since the juveniles and adults of Portunus pelagicus are 
largely restricted to these types of environments, these features may severely restrict the 
opportunity for ‘stepping stone’ or other dispersal in this region of the western 
seaboard. 
 
Secondly, the extent of water exchange between certain embayments on the western 
seaboard, namely Cockburn Sound and Shark Bay, and the ocean is relatively restricted 
(see sections 2.2.1.3 & 2.2.1.5). Consequently, the dispersal of the larvae of Portunus    Chapter 3 
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pelagicus  into and out of these embayments may also be restricted. As would be 
expected if gene flow is restricted, the assemblages of P. pelagicus in Shark Bay and 
Cockburn Sound were each genetically distinctive. 
 
Thirdly, the Leeuwin Current flows predominantly during autumn and winter. 
Consequently, it will typically transport the larvae of tropical species into temperate 
latitudes when temperatures are falling and hence when conditions are least suitable for 
the survival and/or settlement of these larvae (Hutchins 1991; Gopurenko et al. 2003). 
In contrast, the Eastern Australian Current flows mainly during the summer months and 
the reverse situation will apply (Hutchins 1991; Gopurenko et al. 2003). The seasonal 
difference in the flow of these two current has been used to explain why recruitment in 
tropical fish species virtually ceases at 32˚S on the western seaboard, but extends to as 
far south as 37˚S on the eastern seaboard (Hutchins 1991; Gopurenko et al. 2003). A 
parallel situation may be occurring with respect to dispersal in Portunus pelagicus, i.e. 
dispersal from tropical to temperate waters on the western seaboard may be restricted by 
the fact that the larvae will usually be delivered during times of falling water 
temperatures, which the results of laboratory experiments indicate are not likely to be 
conducive to the survival of these larvae (see Bryars 1997). Since the above-mentioned 
wind-induced shelf currents also flow southwards during the coldest months of the year 
(Cresswell et al. 1989), this suggestion is not dependent upon the Leeuwin Current 
being the main transport medium of the larvae of P. pelagicus on the western seaboard. 
 
Although Portunus pelagicus inhabits temperate waters in Australia, it is essentially a 
tropical species that has adjusted its biology in order to grow and reproduce in 
temperate waters (Smith 1982). For example, while this species spawns more or less 
continuously in tropical waters (e.g. Ingles & Braum 1989), it typically spawns during    Chapter 3 
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the late spring and summer in temperate locations (e.g. Bryars 1997; Potter et al. 1983). 
Furthermore, the larvae of P. pelagicus exhibit significantly better survivorship at 25˚C 
than at 20˚C, at least in a laboratory environment (Bryars 1997). On this basis, it is 
reasonable to expect that the larvae of this species will not usually survive if dispersed 
into temperate waters during times of falling water temperature. 
 
There are a few scattered reports of the distribution of genetic variation in other species 
along a comparable section of the coastline of Western Australia (e.g. Johnson & Black 
1984a; Watts et al. 1990; Watts 1991; Thompson et al. 1996; Chaplin et al. 1998). The 
species that have been studied can be separated into four broad categories: (a) two 
invertebrates with a relatively long-lived planktonic larval phase and sedentary adults 
that inhabit shallow water reefs (Johnson & Black 1984a; Watts et al. 1990); (b) one 
invertebrate with a long-lived planktonic phase, and mobile juveniles and adults that 
inhabit benthic environments on the continental shelf (Thompson et al. 1996); (c) one 
teleost that has a long-lived planktonic phase and utilizes estuaries as a nursery area, but 
spawns in the ocean (Watts 1991); and (d) two teleosts that typically complete their 
entire life-cycle in sheltered coastal waters (Watts 1991; Chaplin et al. 1998). The 
genetic compositions of the populations of the species with a long-lived planktonic 
phase were effectively homogeneous along a large section of the western seaboard. In 
contrast, the genetic compositions of the other two species exhibit a major break in the 
boundary between tropical and temperate waters and further genetic heterogeneity on 
either side of this break. (NB. The boundary between tropical and temperate waters on 
the western seaboard is diffuse and extends from about Port Denison to Shark Bay (see 
Briggs 1978; Morgan & Wells 1991)). Thus, there is evidence that the population 
genetic structure of a species in this region is strongly influenced by its powers of 
dispersal. If these powers are limited, both climatic boundaries and discontinuities in the    Chapter 3 
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distribution of suitable habitat may restrict gene flow. However, it is also worth noting 
that all of the above studies used allozyme markers and hence significant population 
genetic sub-division in certain of these species may have gone undetected. 
 
The microsatellite data indicate that the genetic compositions of the assemblages of 
Portunus pelagicus in Exmouth Gulf and Shark Bay, although more similar to each 
other than to those of other samples, are significantly different. This finding is important 
because it indicates that gene flow in this species can be restricted over a moderate 
geographic distance (~450 km), even in tropical waters. In particular, it is likely that 
gene flow in P. pelagicus is restricted between Shark Bay and Exmouth Gulf by either 
the absence of large areas of sheltered environment, i.e. juvenile/adult habitats, along 
the ~450 km of coastline that separates these two embayments (see Kirkman & Walker 
1989 & Fig. 3.2) or the limited rates of water exchange within Shark Bay, and between 
Shark Bay and the ocean (see section 2.2.1.5) or both.   
 
Johnson and Black (1990) suggest that the unusual environmental conditions in Shark 
Bay, such as the presence of a steep salinity gradient that culminates in hypersaline 
conditions in the inner reaches (see section 2.2.1.5), may promote genetic 
differentiation, via the effects of localised selection, in the species that inhabit this water 
body. However, while this may be the case for some species, it seems less likely for 
other species such as Portunus pelagicus that commonly inhabits other water bodies 
that also exhibit steep environmental gradients (e.g. estuaries) and/or metahaline 
salinities (e.g. see section 2.2.1.2). In this regard, it is relevant that the samples of P. 
pelagicus from Shark Bay used in the present study were a sub-set of ones collected on 
a bimonthly basis over a 24 month period from 1998 to 2000 - throughout this 
sampling, individuals of P. pelagicus were detected in oceanic salinities (i.e. ranging    Chapter 3 
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from 30 to 40‰ but not in salinities of 50‰ (de Lestang, pers. comm.). This situation is 
consistent with that described by Potter et al. (1983) where individuals of P. pelagicus 
in the Peel-Harvey Estuary (which were also sampled in the present study) showed a 
preference for salinities of 30 to 40‰ but only rarely occurred in higher salinity regions 
(i.e. > 40‰) in this estuary. 
  
The genetic composition of the assemblage of Portunus pelagicus in Port Denison 
appears to be much more similar to those of the assemblages at the two most southerly 
sampling points, i.e. Geographe Bay and the Peel-Harvey Estuary, than to those of the 
sampled assemblages on the north of Port Denison, i.e. Shark Bay and Exmouth Gulf. 
This is an interesting finding because Port Denison is located approximately equal 
distance (~450 km) between Geographe Bay and Shark Bay (see Fig. 2.1). Similar to 
the situation described above for Exmouth Gulf versus Shark Bay above, it is likely that 
gene flow in P. pelagicus is restricted between Shark Bay and Port Denison by either 
the absence of large areas of sheltered environment, i.e. juvenile/adult habitats, along 
the ~450 km of coastline that separates these two embayments (see Kirkman & Walker 
1989 & Fig. 3.2) or the limited rates of water exchange within Shark Bay, and between 
Shark Bay and the ocean (see section 2.2.1.5) or both. Conversely, the apparently higher 
levels of gene flow in P. pelagicus over the 300 km of coastline between Port Dension 
and the Peel-Harvey Estuary and Geographe Bay, relative to those between Port 
Denison and Shark Bay, may be related to the fact that, between Geographe Bay and 
Port Denison, there is a more or less continuous fringe of limestone reefs that runs 
parallel to the coast and breaks the Indian Ocean swell and hence of relatively sheltered 
inshore environments (see Kirkman & Walker 1989). These inshore environments 
provide ‘suitable’ habitat for the juveniles and adults of P. pelagicus (de Lestang, pers.    Chapter 3 
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comm.) and hence the opportunity for ‘stepping stone’ dispersal between distant sites 
within this area (but see below, this section).  
 
The microsatellite data indicate that the genetic composition of the assemblages of 
Portunus pelagicus in Geographe Bay and the Peel-Harvey Estuary are effectively 
homogeneous. This is perhaps not surprising given that these two water bodies are 
located only about 130 km from each other and within the above-mentioned section of 
the western seaboard where there is continuity in the distribution of relatively sheltered 
inshore environments (see Kirkman & Walker 1989). Hence, presumably there is 
opportunity for both the direct exchange of individuals of P. pelagicus between 
Geographe Bay and the Peel-Harvey Estuary as well as for ‘stepping stone’ dispersal. 
Indeed, there is an assemblage of blue swimmer crabs in the Leschenault Estuary and an 
associated marine embayment (Koombana Bay), which are located approximately half-
way between Geographe Bay and the Peel-Harvey Estuary (see Potter & de Lestang 
2000). Furthermore, Geographe Bay has relatively strong hydrological connections with 
the surrounding Indian Ocean waters (see section 2.2.1.1). Since there are no obvious 
features of the inshore environment in this area that are likely to impede gene flow in P. 
pelagicus, it is likely that there are relatively strong genetic connections among the 
assemblages of this species in Geographe Bay, the Peel-Harvey Estuary and also in the 
Leschenault Estuary/Koombana Bay. 
 
Although relatively sheltered coastal environments are more or less continuously 
distributed between Geographe Bay and Port Denison, Portunus pelagicus nevertheless 
shows evidence of genetic subdivision within this section of coastline, as follows. 
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Firstly, the assemblage of Portunus pelagicus in Cockburn Sound was genetically 
distinct compared to all other sampled assemblages. The distinctiveness of this 
assemblage is unusual in the sense that Cockburn Sound is located near-by to 
Geographe Bay (~180 km south) and especially to the Peel-Harvey Estuary (~50 km 
south) and yet the differences between the assemblage in Cockburn Sound and that in 
either Geographe Bay or the Peel-Harvey Estuary are greater than those between the 
assemblages in Geographe Bay and the Peel-Harvery Estuary (which are separated by 
~130 km) and even between the assemblage in either Geographe Bay or the Peel-
Harvey Estuary and that in Port Denison (which is located over 300 km to the north).  
The distinctiveness of the assemblage in Cockburn Sound probably relates to the semi-
enclosed nature of this embayment (see section 2.2.1.3), which may limit dispersal/gene 
flow into and out of this system. The topography and hydrology of this system is 
particularly likely to restrict dispersal/gene flow in a southward direction. This is 
because, as explained in section 2.2.1.3, the southern end of Cockburn Sound is largely 
enclosed by land and a series of shallow reefs (Department of Environmental Protection 
1996). Furthermore, wind is the major driving force on the waters within and around 
Cockburn Sound and, during the summer months, when P. pelagicus typically spawns 
on the lower western seaboard (e.g. Potter et al. 1983), strong southerly winds generate 
a predominantly northward flow of water (Department of Environmental Protection 
1996). 
 
Secondly, the microsatellite data indicate that the genetic composition of the assemblage 
of  Portunus pelagicus in Port Denison is different to that of all of the sampled 
assemblages further south, although it is relatively similar to those at the two most 
southerly sampling points, i.e. Geographe Bay and the Peel-Harvey Estuary. Since the 
eastern seaboard assemblages were effectively homogeneous over a much longer    Chapter 3 
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section of coastline, these differences are unlikely to be purely a function of the 
moderate geographic distances (300 - 400 km) that separate these assemblages. In fact, 
the reason for these differences could be related to the fact that, although the coastline 
between Port Denison and Geographe Bay is relatively sheltered, i.e. not directly 
exposed to oceanic swells, there are no large estuaries or highly protected embayments 
in the ~250 km stretch of coastline between Port Denison and the Swan River 
Estuary/Cockburn Sound. Such habitats are particularly important nursery areas for P. 
pelagicus (see Potter et al. 2001). Consequently, the abundance of this species is 
probably reduced in this and other areas where these types of habitats are limited (de 
Lestang, pers. comm.). If only a very small proportion of the total pool of larvae of P. 
pelagicus in an area disperse over moderate or large distances, then it is likely that the 
amount of dispersal/gene flow across areas of sub-optimal habitat and low crab 
abundance will be relatively low.    Chapter 4 
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CHAPTER 4. POPULATION GENETIC STRUCTURE OF 
PORTUNUS PELAGICUS IN AUSTRALIAN WATERS, AS 
INFERRED FROM MTDNA EVIDENCE 
4.1  Introduction 
 
As explained in the general introduction, there are two important reasons for studying 
the population genetic structure of Portunus pelagicus. Firstly, at a theoretical level, 
information about the population genetic structures of marine species that are 
widespread and have a protracted planktonic phase, such as P. pelagicus, is relevant to 
discussions about the factors that generate genetic divergence in marine environments. 
Secondly, information about the population structure of P. pelagicus has important 
implications for managing this species, which is both commercially and recreationally 
harvested.   
 
In Chapter 3, the population genetic structure of Portunus pelagicus in Australian 
waters was assessed in terms of the patterns of allele frequency variation at six 
microsatellite loci. This assessment showed the following. (1) The samples from sites 
along a ~1500 km stretch of the eastern seaboard of Australia were essentially 
genetically homogeneous, whereas those from sites along a similar length of coastline, 
and encompassing a comparable range of latitudes, on the western seaboard of Australia 
were almost invariably genetically distinct from each other. (2) The samples from three 
different assemblages in South Australia were genetically distinct from each other, even 
in the case of samples collected from two adjacent gulfs. (3) At a broader level, the    Chapter 4 
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samples from South Australia were clearly genetically distinct from those collected 
from the western, eastern and northern Australian coasts and those from the latter three 
regions were also genetically different from each other. However, in some respects, the 
genetic composition of the assemblages from north of Port Denison on the western 
seaboard were less similar to those on the western seaboard to the south of this locality 
than they were to those from the eastern seaboard of Australia. In general, the 
microsatellite data indicated that P. pelagicus exhibits varying degrees of subdivision 
within and between geographical regions in Australian waters. 
 
It is very important to use a diverse range of molecular markers in studies of the 
population genetic structure of species. This is because the distributions of different 
types of genetic markers may be influenced by different factors and/or to different 
degrees by the same factors (see Birky et al. 1989; Mitton 1994; Palumbi & Baker 
1994; Larsen et al. 1996; Latta & Mitton 1997; Charlesworth 1998; Allendorf & Seeb 
2000; Beheregaray & Sunnucks 2001; Buonaccorsi et al. 2001; Apte & Gardner 2002; 
Goodacre 2002; McGlashan & Hughes 2002). Thus, the distribution of a particular 
genetic marker in a particular species does not provide a comprehensive guide to the 
population genetic structure of that species but rather only a single, often narrow, 
perspective on such. It follows from this that the use of a combination of markers 
should yield a more comprehensive and meaningful picture of the population genetic 
structure of a species than would be possible with any single marker. Certainly, there 
are many examples in the literature that support this contention  (e.g. Ovenden & White 
1990; Palumbi & Baker 1994; Tessier et al. 1995; Elliot 1996; O'Connell et al. 1997; 
Patton et al. 1997; Rassmann et al. 1997; Bérubé et al. 1998; Ross et al. 1999; Shaw et 
al. 1999b; Allendorf & Seeb 2000; Haavie et al. 2000; Hansen et al. 2000; Largiadèr et    Chapter 4 
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al. 2000; Beheregaray & Sunnucks 2001; Buonaccorsi et al. 2001; Apte & Gardner 
2002; Goodacre 2002; McGlashan & Hughes 2002; Van Hooft et al. 2002). 
 
The above information highlights the importance of using a range of molecular markers 
to investigate the population genetic structure of Portunus pelagicus in Australian 
waters. Thus far, only allozyme (Bryars & Adams 1999) and microsatellite (Chapter 3) 
loci have been used in this regard. Accordingly, in this chapter, I investigate the 
distribution of mtDNA (specifically of COI sequence) variation within and among the 
assemblages of P. pelagicus in Australian waters. A mtDNA marker was specifically 
chosen for the investigation mainly because it has very different characteristics 
compared to the previously used allozyme and microsatellite markers. For example, 
while both allozyme and microsatellite loci exhibit Mendelian inheritance, mtDNA is 
haploid and usually maternally inherited without any recombination (i.e. exhibits 
asexual inheritance) (Avise 1994). Furthermore, mitochondrial genes and microsatellite 
DNA differ in their mutational processes (Avise 1994; Hancock 1999) and their 
effective population sizes (Birky et al. 1989). Thus, by virtue of such differences, the 
application of a mtDNA marker is expected to either provide independent support for 
the patterns of population sub-division suggested by the microsatellite and allozyme 
markers or to yield new information about the population genetic structure of P. 
pelagicus or a combination of the two. 
 
The overall objective of this chapter was to use a mtDNA marker to investigate the 
population genetic structure of Portunus pelagicus in Australian waters. The specific 
aims of this chapter were to use patterns of sequence information in the COI region of 
the mtDNA to test the four hypotheses indicated below. This mtDNA investigation used 
effectively the same samples of P. pelagicus as those of the microsatellite investigation    Chapter 4 
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in Chapter 3 (see section 4.2.1). The four hypotheses are based upon the assumption that 
the patterns of mtDNA COI variation in these samples will mimic those of the 
microsatellite loci - not necessarily because it is expected that this will strictly be the 
case but rather because it provides a logical starting point from which to assess the 
similarities and differences in the distributions of the two different types of marker.    
 
Hypothesis 1. Portunus pelagicus exhibits no significant differences in the distribution 
of COI variation between Mackay and Port Stephens on the eastern seaboard of 
Australia. 
 
Hypothesis 2. Portunus pelagicus exhibits significant differences in the distribution of 
COI variation among Gulf Saint Vincent, Spencer Gulf and west coast region in South 
Australia. 
  
Hypothesis 3. Portunus pelagicus exhibits significant differences in the distribution of 
COI variation between Exmouth Gulf and Geographe Bay on the western seaboard of 
Australia. 
 
Hypothesis 4. Portunus pelagicus exhibits varying degrees of COI differentiation within 
and between geographical regions in Australian waters. 
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4.2  Materials And Methods 
4.2.1  Sampling Regime 
 
The analysis of mtDNA variation in Portunus pelagicus was conducted using 
essentially the same samples of this species as were used for the microsatellite studies in 
Chapter 3. These samples were collected from assemblages/water bodies that 
collectively encompass the entire distribution of this species in Australian waters (see 
section 2.1 for further details). However, there were two minor differences with regards 
to samples used for the mtDNA compared to the microsatellite analyses. These 
differences are as follows. Firstly, a sample of seven individuals from an assemblage in 
the coastal waters off Broome, on the western seaboard of Australia was incorporated 
into the mtDNA analyses (see Fig. 2.1), although it was not included in the 
microsatellite analyses (largely because of the small sample size). Secondly, only one 
sample per assemblage/water body, even when more than one was available, was used 
in the mtDNA analyses. In the case of the three assemblages where samples were 
collected from more than one site, i.e. Spencer Gulf, Gulf Saint Vincent and Moreton 
Bay, the samples used were from the eastern site in Spencer Gulf (SGe), the central site 
in Gulf Saint Vincent (GSVc) and the inshore site in Moreton Bay (MBi) (see Table 
4.2). In the cases of the five assemblages where temporal (‘replicate’) samples were 
available (see Table 2.1), the first sample collected from each assemblage was the one 
used in the analyses. 
 
Due to the time and financial constraints associated with the mtDNA genetic assays, it 
was possible to sequence only approximately 30 individuals from each assemblage.  In 
this regard, it is noteworthy that: (i) Schwager et al. (1990) have suggested that a    Chapter 4 
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sample of 30 individuals is adequate to notice, with a 95% probability of confidence, at 
least one copy of all haplotypes occurring at a frequency of 10% or more and (ii) 
comparable mtDNA population studies have used approximately 30 individuals per 
sample (e.g. Tessier et al. 1995; Chenoweth et al. 1998; Haavie et al. 2000; 
Buonaccorsi et al. 2001; Conod et al. 2002; Chenoweth & Hughes 2003). 
 
4.2.2  Genetic Assays 
 
Sequence information was generated for a 342 bp portion of the cytochrome oxidase I 
region of the mtDNA of individuals of Portunus pelagicus. The details of the genetic 
assays that were used to generate this information are described in section 2.4.2. 
 
4.2.3  Data Analyses 
 
The partial COI sequences were aligned and edited using Clustal W Version 1.81 
(Thompson et al. 1994). The length of this sequence, i.e. 342 bp, was the same in all 
sampled individuals and the nucleotide composition at each position was resolved for 
all assayed individuals. Thus, all analyses were performed using this entire sequence for 
all individuals. 
 
4.2.3.1  Sequence variation 
 
The level of genetic diversity within each sample and within ‘the total’ (i.e. all samples 
pooled) was estimated in terms of haplotype diversity (h) and nucleotide diversity (π).    Chapter 4 
  106
Haplotype diversity (h) is the probability that two haplotypes, randomly chosen from a 
sample, are different (Nei 1987). The estimates of haplotype diversity were calculated 
according to equation 8.5 in Nei (1987) using ARLEQUIN version 2 (Schneider et al. 
2000). The standard errors (SE) of these estimates were also derived using ARELQUIN 
version 2, with the variance formula presented in the Arlequin manual.  
 
Nucleotide diversity (π) is the probability that two randomly selected homologous 
nucleotides are different (Nei 1987). It was estimated according to the number of 
substitutions between two sequences (equation 10.5, Nei 1987), using Tamura & Nei`s 
(1993) substitution model with a gamma distribution of 0.2 empirically determined 
using the maximum likelihood method in TREE-PUZZLE (Schmidt et al. 2002). 
Tamura & Nei`s (1993) substitution model includes a correction that allows for 
different transversion and transition rates, and also makes a distinction between 
transition rates between purines and between pyrimidines. This substitution model was 
chosen due to the existence of considerable nucleotide bias in the COI sequences from 
Portunus pelagicus (see section 4.3.1). A gamma correction was also incorporated in 
the calculation of π, which is the correction of substitution rate variation among 
nucleotide sites (i.e. 1
st, 2
nd and 3
rd codon positions) (see Uzzell & Corbin 1971). The 
estimates of π were calculated using ARLEQUIN version 2 (Schneider et al. 2000). The 
standard errors (SE) of these estimates were also derived using ARELQUIN version 2, 
with the variance formula presented in the Arlequin manual. 
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4.2.3.2  Measures of population differentiation 
 
The following three approaches were used to analyse the extent and pattern of variation 
in the COI region of the mtDNA in the samples of Portunus pelagicus. 
 
4.2.3.2.1  Comparison of haplotype frequencies between pairs of populations 
 
The statistical significance of any differences in the frequencies of COI haplotypes 
between all pairs of samples was assessed. The associated null hypothesis was that the 
haplotype frequency distributions in the two samples being compared were not 
significantly different from each other. The Markov chain method was used to estimate 
the exact probability that the haplotype frequency distributions in the two samples were 
not significantly different from each other (see Raymond & Rousset 1995). Exact 
probability tests are not biased by very small samples or low frequencies of alleles (≡ 
haplotypes) (Raymond & Rousset 1995). This latter characteristic in particular was 
considered to be important in this study because many of the samples of Portunus 
pelagicus included rare haplotypes (see Table 4.2). The exact probability tests, with 
10,000 steps in the Markov chain, were conducted using ARLEQUIN version 2.0 
(Schneider et al. 2000). 
 
4.2.3.2.2  Indices of population sub-division 
 
Analogue measures of population differentiation were estimated using frequency as well 
as distance-based information. The frequency-based measure (index) is equivalent to 
θST (Weir & Cockerham 1984) and is hereafter described as θST. The distance-based    Chapter 4 
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measure (index) incorporated both haplotype frequency information as well as Tamura 
& Nei`s (1993) genetic distance (gamma corrected) information and is hereafter shown 
as ΦST (Excoffier et al. 1992). For each of these indices, the analyses were carried out at 
several different levels, e.g. among all samples, among the samples from single 
geographic regions, and between all pairs of samples. The null hypothesis, which was 
that the value of the index for a particular sample comparison is not significantly 
different from zero (i.e. there was no significant genetic differentiation among samples), 
was tested with 10,000 permutations using ARLEQUIN version 2.0 (Schneider et al. 
2000). 
 
In order to assess spatial patterns of population differentiation, the multi-dimensional 
scaling method (MDS) (Hair et al. 1992) was used to map the values of genetic distance 
(i.e. θST & ΦST) for each pair of samples into two-dimensional space. Multi-dimensional 
scaling ordinations were carried out using the computer program PRIMER, version 4 
(Clarke & Warwick 1994). 
 
4.2.3.2.3  AMOVA 
 
Spatial patterns of population subdivision were also assessed using a hierarchical 
analysis of molecular variance, AMOVA (Excoffier et al. 1992). This was done using 
the frequency-based measures of population sub-division (i.e. θ-statistics) as well as the 
distance-based measures of such (i.e.  Φ-statistics). The AMOVA examines the 
correlations among haplotype distances at three hierarchical levels. (1) The correlation 
of random haplotypes within a group of populations relative to that drawn from the 
whole species (θCT or ΦCT). (2) The correlation of random haplotypes within    Chapter 4 
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populations relative to that within a regional grouping of populations (θSC or ΦSC). (3) 
The correlation of random haplotypes within a population relative to that from the entire 
species (θST or ΦST). The significance of these statistics was evaluated by using a non-
parametric permutation approach in which sequences were randomly permuted among 
samples (see Excoffier et al. 1992). In the present study, 10,000 permutations were 
used. The analyses were conducted using ARLEQUIN version 2.0 (Schneider et al. 
2000). The samples of Portunus pelagicus were grouped according to their geographical 
locations (see Table 4.5). 
 
4.2.3.3  Other considerations 
 
Where multiple tests were conducted as a part of an analysis, a sequential Bonferroni 
procedure, which controls for group-wide Type I error rates, was used to assess the 
statistical significance of the probability values (Rice 1989). 
 
4.3  Results 
4.3.1  Overall Composition and Levels of Polymorphism 
 
A 342-bp portion of the Cytochrome Oxidase I gene was sequenced for each of 400 
individuals of Portunus pelagicus from a total of 16 assemblages in Australian waters. 
The average base composition of these sequences was: A−27.71%; T−34.65%; 
C−18.44%; and G−19.20%. Thus, the base composition was biased towards adenine and 
thymine (62.36%), as has been found for the mtDNA in many other arthropods (e.g. 
Palumbi & Benzie 1991; Croizer & Croizer 1993; Machado et al. 1993; France &    Chapter 4 
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Kocher 1996; Kitaura et al. 1998; Crease 1999; Largiadèr et al. 2000; Wilson et al. 
2000). 
 
Alignment of the COI sequences from the different individuals of Portunus pelagicus 
revealed a relatively high level of variability (Tables 4.1 & 4.2). Of the total of 342 
sites, 42 were variable (Table 4.1). Of the 42 variable sites, most (i.e. 35/42) showed 
transitional changes and most (i.e. 38/42) were at third codon positions (Table 4.1), as 
would be expected for intraspecific comparisons (e.g. Larsen et al. 1996; Rassmann et 
al. 1997; Riginos & Nachman 2001; MacDonald & Brookfield 2002; McGlashan & 
Hughes 2002). 
 
The 42 variable positions revealed a total of 53 different COI haplotypes among the 400 
individuals of Portunus pelagicus. Haplotype diversity and nucleotide diversity for the 
pooled samples (i.e. considering all 400 individuals combined) were 0.885 (SE ± 
0.0076) and 0.01448  (SE ± 0.0078) respectively. 
 
4.3.2  MtDNA Variation Among Assemblages of Portunus pelagicus in Australian 
Waters 
 
Before presenting the results for the mtDNA variation among assemblages of Portunus 
pelagicus in Australian waters, it should be mentioned that, regarding comparisons of 
the COI haplotype frequency distributions between pairs of samples, the exact 
probability tests and θST measures produced very similar results to each other. Thus, for 
simplicity, only the results for the exact probability test are presented below. 
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Table 4.1 The location and distribution of 42 variable positions among 53 haplotypes for a 342-bp portion of the COI region in the mtDNA of the sampled individuals of Portunus 
pelagicus. Dots represent matches with nucleotides present in haplotype 1. Numbers refer to position of base pairs from the start of the fragment. PS represents parsimonious sites.    Chapter 4 
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4.3.2.1  Variation among geographic regions 
 
Overall, there was a large amount of heterogeneity in the distribution and relative 
abundance of the COI haplotypes among the 16 samples of Portunus pelagicus from 
throughout Australia. For example, only 8 haplotypes (out of 53) occurred in more than 
one region (Table 4.2). Furthermore, although shared among regions, there were 
nevertheless very large differences in the frequency of these haplotypes (except 
haplotype 28) (i.e. on a pooled basis) among different geographic regions (Table 4.2). In 
any case, the values of the two indices of population subdivision for all of the samples 
combined were both large and significantly different from zero, i.e. θST = 0.375 (P = 0) 
and ΦST = 0.492 (P = 0). 
 
The patterns of distribution of the mtDNA COI sequence variation among the 16 
samples of Portunus pelagicus from throughout Australia have been summarized using 
multi-dimensional scaling ordination (MDS) plots of the genetic distance measures (i.e. 
ΦST, θST) between all pairs of samples (Fig 4.1).  
 
The MDS plot of the values of the ΦST between all pairs of samples indicates two 
important findings. Firstly, this plot shows a clear distinction between the samples from 
South Australia (i.e. Gulf Saint Vincent, Spencer Gulf and west coast region) versus the 
remainder of the samples (i.e. samples from eastern seaboard and western seaboard and 
Darwin) (Fig. 4.1a). Secondly, there was no clear separation between the samples from 
the eastern  and western seaboards and Darwin, although the distribution of these 
samples in this plot shows a noticeable similarity to that based on the θST values (Fig. 
4.1a,b; discussed below).     Chapter 4 
  113
Table 4.2 The distribution and abundance of the 53 mtDNA COI haplotypes found in 
16 samples of Portunus pelagicus. For sample names see Table 2.1. n, sample size; NH, 
number of haplotypes. Haplotypes that occurred in more than one geographic region are 
marked with an asterisk. 
  Western Seaboard    Eastern Seaboard  South Australia 
Hap.  # GB PH CS PD SB EG  BR  DW MK HB MBi WL PS SGe GSVc WCR 
*1 -  -  -  8  12  8  3  -  -  -  1  -  -  - -  - 
*2  - - - - - 1  1 1 11 9 5 10 5 -  -  - 
*3  - - - -  1  6  1  1 3 8 9 7 3 -  -  - 
*4  - - - -  1  -  - - 8 4 6 7 4 1  -  - 
5 21  19  23  11  1  -  -  - - -  - -  -  - -  - 
6  -  - - 1 1 - -  -  -  -  -  -  -  -  -  - 
7  - - - - - 1  - -  -  -  -  -  -  -  -  - 
8 -  -  -  -  1  -  -  -  -  -  -  -  -  - - - 
9 -  -  -  -  1  -  -  -  -  -  -  -  -  - - - 
10  - - 1 - - - - -  -  -  -  -  -  -  -  - 
11 -  -  -  -  1  -  -  -  -  -  - -  -  - -  - 
12 -  -  -  -  1  -  -  -  -  -  - -  -  - -  - 
13  - - - 1 - - - -  -  -  -  -  -  -  -  - 
14 1  1  -  -  1  -  -  - - -  - -  -  - -  - 
15 -  -  -  -  1  -  -  -  -  -  - -  -  - -  - 
16  - - - - - 1  - -  -  -  -  -  -  -  -  - 
17  - - - - - - - -  -  2  -  -  -  -  -  - 
18  - - - - - - - -  1  -  1  -  -  -  -  - 
19  - - - - - - - 1  -  -  -  -  -  -  -  - 
20  - - - - - - - -  1  -  -  -  -  -  -  - 
21  - - - - - - - -  1  -  -  -  -  -  -  - 
22  - - - - - - - -  1  -  -  -  -  -  -  - 
23 -  -  -  -  3  -  -  -  -  -  - -  -  - -  - 
24  - - - - - 1  - -  -  -  -  -  -  -  -  - 
*25 -  -  -  1  2  6  -  - - 1  1 1 - -  -  - 
26  - - - - - - - -  -  -  1  -  -  -  -  - 
27  - - - - - - - -  -  -  1  -  -  -  -  - 
*28  - - - - - -  1 -  -  1  -  -  -  -  -  - 
29  - - - - - 1  - -  -  -  -  -  -  -  -  - 
30  - - - - - - - -  -  1  -  -  -  -  -  - 
31  - - - - - - - -  1  -  2  1 1 -  -  - 
32  - - - - - - - -  -  1  -  -  -  -  -  - 
33  - - - - - - - -  1  -  -  -  -  -  -  - 
*34  - - - - - - - 1  -  -  1  1 -  -  -  - 
35 -  -  -  2  1  1  -  -  -  -  - -  -  - -  - 
36  - - - - - 1  - -  -  -  -  -  -  -  -  - 
*37  - - - - - - - -  -  -  -  1 - 24 31  29 
38 -  -  -  -  1  -  -  -  -  -  - -  -  - -  - 
39  - - - - - - - -  1  -  -  -  -  -  -  - 
40  - - - - - - - -  -  1  -  -  -  -  -  - 
41  6 4 3 1 1 - -  -  -  -  -  -  -  -  -  - 
42  -  - 1 2 1 - -  -  -  -  -  -  -  -  -  - 
43  - - - - - -  1 -  -  -  -  -  -  -  -  - 
44  - - - - - 1  - -  -  -  -  -  -  -  -  - 
45  - - - - - - - -  -  -  -  1 -  -  -  - 
46  - - - - - - - -  -  -  -  1 -  -  -  - 
47  -  - - 1 1 - -  -  -  -  -  -  -  -  -  - 
48  - - - - - 1  - -  -  -  -  -  -  -  -  - 
49  - - - - - - - -  -  1  -  -  -  -  -  - 
50  - - - - - - - -  1 1 1  -  -  -  -  - 
51  - - - - - - - -  -  -  -  1 -  -  -  - 
52  - - - - - - - -  -  -  -  -  - 1  -  - 
53  - - - - - - - -  -  -  -  -  - 1  -  - 
n  28 24 28 28 32 29 7  4  30  30  29  31  13  27  31  29 
NH  3 3 4 9  18  12  5 4 11  11  11 10 4 4  1  1    Chapter 4 
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Figure 4.1 A two-dimensional ordination of the values of genetic distance, based on 
variation in a 342-bp portion of the COI region of the mtDNA, between pairs of 
samples of Portunus pelagicus. (a) Genetic distance = ΦST. (b) Genetic distance = θST. 
For sample names see Table 2.1. The stress value provides an indication of how 
accurately the variation in the underlying data set is portrayed in the MDS. In general, a 
stress value < 0.1 corresponds to a good ordination, with no real prospect of a 
misleading interpretation (Clarke & Warwick 2001). ¢ = western seaboard samples, ♦ = 
eastern seaboard samples and Ä = South Australian samples. DW is the Darwin sample 
from the north coast of Australia. 
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The MDS plot of the values of the θST between all pairs of samples indicates three 
important findings. Firstly, the samples from South Australia were clearly distinctive 
from the remainder of the samples (Fig. 4.1b). Secondly, the samples from the eastern 
seaboard and Darwin were all relatively closely aligned to each other (Fig. 4.1b). 
Thirdly, there was considerable heterogeneity among the samples from the western 
seaboard, although nevertheless they did not overlap with any of the samples from other 
regions (Fig. 4.1b). The extent and distribution of the heterogeneity among the western 
seaboard samples is mainly described in section 4.3.2.2.3. However, in terms of 
regional variation, it is noteworthy that, of the western seaboard samples, the one from 
the most northerly sampling site, i.e. Broome, was the most similar to the 
Darwin/eastern seaboard group of samples, while the other western seaboard samples 
tended to become increasingly more different the more southerly the location of the 
source assemblage on this coastline, culminating in a highly distinctive group of 
samples from Cockburn Sound, the Peel-Harvey Estuary and Geographe Bay at the 
southern end of the sampling distribution (Fig. 4.1b; see below). It is likely that the 
difference between the findings suggested by the two different analytical methods and 
reflected in the MDS plots is to some extent a reflection of the assumptions underlying 
these methods. As mentioned in the section 4.2.3.2.2, the θST statistic uses information 
on only the frequency of haplotypes present in a particular sample, whereas the ΦST 
statistic also incorporates information on the distances among the haplotypes present in 
that sample. Thus, the θST statistic is more likely to emphasize contemporary aspects of 
the population structure of Portunus pelagicus, whereas the ΦST statistic is more likely 
to emphasize historical ones. 
 
In general, the amount of mitochondrial genetic heterogeneity between samples from 
different geographical regions was large. For example, the values of ΦST between any    Chapter 4 
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two samples from a different geographical region were usually significantly greater than 
zero (Table 4.3). Similarly, the exact tests indicated that the haplotype frequencies in 
any two samples from a different geographical region were usually significantly 
different from each other (Table 4.4). However, there were exceptions to this general 
pattern. These exceptions generally involved comparisons between samples from the 
most northerly sampling locations on the western seaboard, i.e. Broome and Exmouth 
Gulf, and Darwin and all of the samples from the eastern seaboard, but with the exact 
tests revealing more heterogeneity than the ΦST analyses (see Tables 4.3 & 4.4). 
 
Finally, the results of the AMOVA also suggested a large amount of heterogeneity in 
the distribution and abundance of the COI haplotypes among the 16 samples of 
Portunus pelagicus from throughout Australia. (NB. θST and ΦST statistics produced 
similar AMOVA results, so data are shown only for the θST statistic (see Table 4.5)). 
For example, a large and relatively significant amount (i.e. 35.6 %) of the molecular 
variation was attributed to the differences among groups (i.e. regions) of samples (Table 
4.5). A low but significant amount (i.e. 8.7 %) of the molecular variation was 
distributed among samples within geographical regions, suggesting the presence of 
mtDNA COI sequence heterogeneity within one or more geographical regions (see 
below) (Table 4.5). As expected, due to high number of haplotypes found in each 
sample, a large and highly significant amount (i.e. 55.7 %) of the molecular variation 
was distributed within samples (Table 4.5).    Chapter 4 
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Table 4.3 ΦST values between pairs of samples of Portunus pelagicus from different 
geographic regions in Australia, namely the eastern, western seaboards of Australia, 
South Australia and Darwin on the north coast of Australia. P values, which exhibit 
statistically significant ΦST differences once the level of significance was corrected for 
multiple tests, are indicated in bold. Sample sizes are as shown in Table 4.2. For sample 
names see Table 2.1. 
 
 
 
 
 
 
 
 
 
 
 
  South Australia  Eastern Seaboard   
  SGe  GSVc  WCR  MBi  HB  MK       PS  WL       DW 
Western 
Seaboard 
           
GB  0.777 
P = 0 
0.818 
P = 0 
0.813 
P = 0 
0.449 
P = 0 
0.385 
P = 0 
0.377 
P = 0 
0.456 
P = 0 
0.428 
P = 0 
0.361 
P = 0.023 
PH  0.818 
P = 0 
0.860 
P = 0 
0.855 
P = 0 
0.493 
P = 0 
0.428 
P = 0 
0.418 
P = 0 
0.512 
P = 0 
0.469 
P = 0 
0.432 
P = 0.023 
CS  0.821 
P = 0 
0.859 
P = 0 
0.854 
P = 0 
0.512 
P = 0 
0.448 
P = 0 
0.437 
P = 0 
0.534 
P = 0 
0.489 
P = 0 
0.460 
P = 0.017 
PD  0.738 
P = 0 
0.782 
P = 0 
0.775 
P = 0 
0.373 
P = 0 
0.300 
P = 0 
0.294 
P = 0 
0.371 
P = 0 
0.352 
P = 0 
0.247 
P = 0.030 
SB  0.706 
P = 0 
0.749 
P = 0 
0.742 
P = 0 
0.322 
P = 0 
0.249 
P = 0.0001
0.250 
P = 0 
0.322 
P = 0 
0.305 
P = 0.0001
0.195 
P = 0.025 
EG  0.658 
P = 0 
0.707 
P = 0 
0.699 
P = 0 
0.165 
P = 0.002
0.106 
P = 0.01 
0.131 
P = 0.004
0.170 
P = 0.009 
0.161 
P = 0.001 
0.043 
P = 0.281 
BR  0.794 
P = 0 
0.871 
P = 0 
0.864 
P = 0 
0.096 
P = 0.083
0.021 
P = 0.249
0.031 
P = 0.234
0.083 
P = 0.164 
0.078 
P = 0.124 
-0.086 
P = 0.583 
DW       -0.032 
P = 0.418
-0.089 
P = 0.765
-0.091 
P = 0.709
-0.069 
P = 0.462 
-0.047 
P = 0.443   
South Australia            
SGe 
    
0.680 
P = 0 
0.684 
P = 0 
0.682 
P = 0 
0.778 
P = 0 
0.647 
P = 0 
0.853 
P = 0 
GSVc 
    
0.735 
P = 0 
0.736 
P = 0 
0.733 
P = 0 
0.848 
P = 0 
0.703 
P = 0 
0.934 
P = 0.0001
WCR 
    
0.728 
P = 0 
0.729 
P = 0 
0.726 
P = 0 
0.842 
P = 0 
0.695 
P = 0 
0.930 
P = 0    Chapter 4 
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Table 4.4 Comparison of haplotype frequency differences at mtDNA COI sequences 
between pairs of samples of Portunus pelagicus from different geographic regions in 
Australia, namely the eastern, western seaboards of Australia, South Australia and 
Darwin on the north coast of Australia. For each pair of samples, the outcomes of exact 
probability tests (i.e. P values) for haplotype frequency differences at COI sequences 
are shown. P values, which exhibit statistically significant haplotype frequency 
differences once the level of significance was corrected for multiple tests, are indicated 
in bold. Sample sizes are as shown in Table 4.2. For sample names see Table 2.1. 
 
 
 
 
 
 
 
 
 
  South Australia  Eastern Seaboard   
  SGe  GSVc    WCR MBi  HB  MK        PS  WL  DW 
Western 
Seaboard 
           
GB  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.00017
PH  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.00007
CS  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.00045
PD  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.00268
SB  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.08554
EG  P = 0  P = 0  P = 0  P = 0.00033 P = 0.00009 P = 0  P = 0.00044  P = 0  P = 0.10857
BR  P = 0  P = 0  P = 0  P = 0.06926 P = 0.03943 P = 0.0137 P = 0.02465 P = 0.01132 P = 0.4116
DW       P = 0.4551 P = 0.4238 P = 0.1875 P = 0.2654  P = 0.33511  
South Australia           
SGe 
    
P = 0  P = 0  P = 0  P = 0  P = 0  P = 0.0009
GSVc 
    
P = 0  P = 0  P = 0  P = 0  P = 0  P = 0 
WCR 
   
P = 0  P = 0  P = 0  P = 0  P = 0  P = 0    Chapter 4 
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Table 4.5 Results of analysis of molecular variance (AMOVA), based on the frequency 
distributions of mtDNA COI sequences, in samples of Portunus pelagicus. Variance 
components and estimates of statistical significance (P-values) are indicated. Percentage 
of variation is indicated in parentheses. For sample names see Table 2.1. 
 
 
 
 
 
4.3.2.2  Variation within geographic regions 
4.3.2.2.1  Eastern seaboard 
 
The frequencies of the COI haplotypes in the samples of Portunus pelagicus from the 
eastern seaboard of Australia, i.e. Mackay, Hervey Bay, Moreton Bay, Wallis Lake and 
Port Stephens, were effectively homogeneous. For example, considering all samples, 
the value of either θST or ΦST was low and not significantly different from zero, i.e. θST 
= 0.008 (P = 0.71) and ΦST = -0.013 (P = 0.73). In addition, when the haplotype 
composition of any one sample from the eastern seaboard was compared to that of any 
other sample from the eastern seaboard, no statistically significant differences in 
compositions were evident (Table 4.6). 
 
 
 
 
 
 
 
Groups  within 
samples
among 
samples within 
groups 
among 
groups 
[GB, PH, CS, PD, SB, EG, BR] [DW] 
[MB, MK, HB, WL, PS] 
[SG, GSV, WCR] 
0.284 
P = 0 
(55.74) 
0.044 
P = 0 
(8.70) 
0.181 
P = 0 
(35.56)    Chapter 4 
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Table 4.6 Comparisons of the COI haplotype frequency differences between pairs of 
samples of Portunus pelagicus collected from eastern seaboard of Australia. Above the 
diagonal - the outcomes of exact probability tests (i.e.  P values) for differences in 
haplotype frequencies between pairs of samples. In each case, the P value was not 
significantly different from zero. Below the diagonal - ΦST values between pairs of 
samples. The associated P values are also indicated. In each case, the P value was not 
significantly different from zero. Sample sizes are as indicated in Table 4.2. For sample 
names see Table 2.1. 
 
 
 
 
 
4.3.2.2.2  South coast 
 
There was no evidence of marked heterogeneity in the distribution of COI haplotypes 
among the three sampled assemblages of Portunus pelagicus in South Australia. The 
value of ΦST, over all samples, was low and not significantly different from zero, i.e. 
0.003 (P = 0.06). Similarly, no significant differences in haplotype composition were 
detected between any two pairs of samples from South Australia (Table 4.7). These 
findings reflect the fact that (i) the samples from both of the Gulf Saint Vincent and 
west coast region contained only one and the same haplotype, i.e. haplotype 37, and 
thus were effectively identical (Table 4.2); and (ii) haplotype 37 also dominated the 
Sample MBi  HB  MK  PS  WL 
MBi ---  P = 0.600  P = 0.247  P = 0.963  P = 0.835 
HB  -0.008 
P = 0.480  ---  P = 0.215  P = 0.902  P = 0.697 
MK  0.018 
P = 0.192 
-0.011 
P = 0.519  ---  P = 0.992  P = 0.724 
PS  -0.036 
P = 0.751 
-0.030 
P = 0.647 
-0.034 
P = 0.726  ---  P = 1 
WL  -0.023 
P = 0.858 
-0.010 
P = 0.513 
-0.002 
P = 0.336 
-0.047 
P = 0.968  ---    Chapter 4 
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sample from Spencer Gulf, although three other (rare) haplotypes were also present in 
this sample (Table 4.2). However, the overall value of θST  was 0.044 and the null 
hypothesis that this value was not significantly different from zero was rejected with a 
probability of 0.03. This finding raises the possibility of the presence of low but 
significant levels of mtDNA heterogeneity among the South Australian assemblages, 
although, considering all of the relevant results, the evidence in favour of such is not 
particularly convincing. 
 
Table 4.7 Comparisons of the COI haplotype frequency differences between pairs of 
samples of Portunus pelagicus collected from South Australia. Above the diagonal - the 
outcomes of exact probability tests (i.e.  P values) for differences in haplotype 
frequencies between pairs of samples. In each case, the P value was not significantly 
different from zero. Below the diagonal - ΦST values between pairs of samples. The 
associated P values are also indicated. In each case, the P value was not significantly 
different from zero. Sample sizes are as indicated in Table 4.2. For sample names see 
Table 2.1. 
 
 
 
 
 
 
 
 
4.3.2.2.3  Western seaboard 
 
There was considerable heterogeneity in the distribution and abundance of the COI 
haplotypes among the samples of Portunus pelagicus from the western seaboard of 
Australia, i.e. from Broome, Exmouth Gulf, Shark Bay, Port Denison, Cockburn Sound, 
Sample SGe  GSVc WCR 
SGe ---  P = 0.092  P = 0.102 
GSVc  0.004 
P = 0.096  ---  P = 0.999 
WCR  0.002 
P = 0.233 
0 
P = 0.999  ---    Chapter 4 
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the Peel-Harvey Estuary and Geographe Bay. For example, the value of either θST or 
ΦST for all samples combined was relatively high and significantly different from zero, 
i.e. θST = 0.232 (P = 0) and ΦST = 0.112 (P = 0). 
 
The main findings concerning the patterns of mtDNA COI sequence variation in the 
samples of Portunus pelagicus from western seaboard were as follows. 
 
Firstly, the samples from the three most southerly sampling sites, i.e. Geographe Bay, 
the Peel-Harvey Estuary and Cockburn Sound, were relatively homogeneous compared 
to each other but very distinctive compared to the samples from more northerly sites on 
the western seaboard (Fig. 4.1b & Table 4.8).  
 
Secondly, there was noticeably more heterogeneity among the three samples from the 
three ‘northern’ sites on the western seaboard, i.e. Shark Bay, Exmouth Gulf and 
Broome, than among the ‘southern’ samples (Fig. 4.1b), although the differences among 
the ‘northern ‘ samples were typically not statistically significant (Table 4.8) and these 
samples more or less occurred together in the MDS display of the relationships among 
all samples (Fig. 4.1b). 
 
Thirdly, the samples were progressively different from each other, and to the 
Darwin/eastern seaboard samples, the further south the location of the source 
assemblage, not with standing the fact that the three southern samples were effectively 
homogeneous with each other (Fig. 4.1b). Although this trend could have been 
quantified via a correlation analysis, this was not attempted due the fact that the pattern 
was apparent via a limited number of samples and associated with major differences 
between the samples from the northern and southern ends of the sampling distribution    Chapter 4 
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(see Fig. 4.1b; Table 4.8), which would have aritifically increased the strength of the 
correlation. Although the results for the samples from Broome and Darwin are based on 
a small number of individuals and must therefore be used cautiously, the pattern is still 
apparent even if the results for these samples are ignored. 
 
 
Table 4.8 Comparisons of the COI haplotype frequency differences between pairs of 
samples of Portunus pelagicus collected from the western seaboard of Australia. Above 
the diagonal - the outcomes of exact probability tests (i.e. P values) for differences in 
haplotype frequencies between pairs of samples. P values indicating statistically 
significant haplotype frequency differences for particular comparisons, once the level of 
significance was corrected for multiple tests, are indicated in bold. Below the diagonal - 
ΦST values between pairs of samples. The associated P values are also indicated, with 
those that were statistically significant, once the level of significance was corrected for 
multiple tests, indicated in bold. Sample sizes are as indicated in Table 4.2. For sample 
names see Table 2.1. 
 
 
Sample GB  PH  CS  PD  SB  EG  BR 
GB ---  P = 0.865  P = 0.417  P = 0  P = 0  P = 0  P = 0 
PH  -0.033 
P = 0.734  ---  P = 0.783  P = 0.0002  P = 0  P = 0  P = 0 
CS  -0.021 
P = 0.734 
-0.036 
P = 0.956  ---  P = 
0.00012  P = 0  P = 0  P = 0 
PD  0.031 
P = 0.149 
0.042 
P = 0.100 
0.045 
P = 0.099  ---  P = 
0.02215 
P = 
0.00013 
P = 
0.03863 
SB  0.134 
P = 0.003 
0.157 
P = 
0.0022 
0.164 
P = 
0.0009 
0.004 
P = 0.313  ---  P = 
0.0544  P = 0.602 
EG 
0.222 
P = 
0.0004 
0.256 
P = 0 
0.272 
P = 0 
0.097 
P = 0.013 
0.031 
P = 0.102  ---  P = 0.461 
BR  0.214 
P = 0.025 
0.277 
P = 0.018 
0.304 
P = 0.016 
0.094 
P = 0.069 
0.044 
P = 0.206 
-0.031 
P = 0.523  ---    Chapter 4 
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4.4  Discussion 
4.4.1  Overview 
 
As explained in section 4.1: (i) the main objective of this chapter was to use patterns of 
sequence information in the COI region of the mtDNA to investigate the population 
genetic structure of Portunus pelagicus in Australian waters; and (ii) the specific aims 
were to test four hypotheses concerning this topic. These hypotheses are based on the 
assumption that the patterns of mtDNA COI variation will mimic those of microsatellite 
loci. The main findings of this chapter in relation to these hypotheses are as follows. 
 
As predicted by hypothesis 1, no significant heterogeneity was apparent in the 
distribution of COI variation among the assemblages of Portunus pelagicus between 
Mackay and Port Stephens on the eastern seaboard of Australia. 
 
In contrast to the prediction of hypothesis 2, there was no compelling evidence of 
significant heterogeneity in the distribution of COI variation among the assemblages of 
Portunus pelagicus from Gulf Saint Vincent, Spencer Gulf and west coast region in 
South Australia. 
 
As predicted by hypothesis 3, significant heterogeneity was apparent in the distribution 
of COI variation among assemblages of Portunus pelagicus between Exmouth Gulf and 
Geographe Bay on the western seaboard of Australia. In particular, the pattern of COI 
heterogeneity indicated that, essentially, the assemblages become more and more 
distinctive, as one moves from north to south along this coastline, with those from south 
of Port Denison (essentially those in temperate waters) forming a homogeneous but    Chapter 4 
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highly distinctive group. This is essentially the same as the general outcome suggested 
by the microsatellite data (Chapter 3), although there are some differences in the detail 
(see section 4.4.2). 
 
As predicted by hypothesis 4, Portunus pelagicus exhibited varying degrees of COI 
heterogeneity within and between geographical regions in Australian waters. In 
particular, the pattern of COI heterogeneity indicated that (i) P. pelagicus is much more 
highly sub-divided on the western seaboard of Australia compared to the eastern 
seaboard; and (ii) that there are relatively close affinities among assemblages from 
lower latitude sites on the western seaboard, Darwin and the eastern seaboard while 
those from sites on the western seaboard to the south of Port Denison were relatively 
distinctive from all of other samples, as were those from South Australia. This is 
essentially the same general outcome as suggested by the microsatellite data (Chapter 
3), although there are some differences in the detail (see section 4.4.2). 
 
4.4.2  Comparison of MtDNA and Microsatellite Results 
 
As indicated above, Portunus pelagicus was found to display generally very similar 
patterns of COI and microsatellite variation in Australian waters, but with some 
relatively minor exceptions. These exceptions virtually always related to sample 
comparisons that exhibited statistically significant microsatellite heterogeneity but not 
statistically significant COI heterogeneity. This pattern was most pronounced in the 
analyses that incorporated both the distance and frequency information contained in the 
COI marker. Furthermore, the discrepancies were usually associated with sample 
comparisons involving only relatively minor (although statistically significant)    Chapter 4 
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microsatellite heterogeneity, e.g. Spencer Gulf versus Gulf Saint Vincent, Cockburn 
Sound versus Peel-Harvey Estuary and Geographe Bay, Shark Bay and Exmouth Gulf 
versus Darwin and the eastern seaboard. 
 
The above information indicates that, in comparison with the microsatellite markers, the 
COI marker provided a similar but slightly lower resolution picture of the population 
genetic structure of Portunus pelagicus in Australian waters. Two alternative but less 
likely explanations of the apparent presence of microsatellite heterogeneity coupled 
with an apparent absence of COI heterogeneity for some sample comparisons are as 
follows. Firstly, the microsatellite heterogeneity that was apparent was due to sampling 
artefacts and that there is, in fact, no microsatellite (or COI) heterogeneity in the 
associated source assemblages. However, since the analysis of the ‘replicate’ samples 
suggested that the microsatellite data were generally reliable (see section 3.3.2), this 
explanation seems unlikely. Secondly, there is COI heterogeneity among the relevant 
source assemblages that was not detected by this study. Certainly it is possible that 
some COI heterogeneity has gone undetected and in this regard it is noteworthy that the 
samples sizes for COI assays tended to be smaller than those for the microsatellite 
assays (see Tables 4.2, 3.3, 3.4 & 3.5). Nevertheless, on the other hand, the level of 
sampling at regional levels was generally relatively intensive, and on this basis, it does 
appear that a single haplotype (#37) dominates in each of the three assemblages from 
South Australia, and similarly that haplotype 5 dominates in the three assemblages from 
the lower western seaboard of Australia (see Table 4.2). Thus, at least in these cases, the 
apparent absence of statistically significant COI heterogeneity does not seem to be 
inherently misleading. 
    Chapter 4 
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The view that the COI marker, in comparison with the microsatellite markers, provided 
a lower resolution picture of the population genetic structure of Portunus pelagicus in 
Australian waters is consistent with the outcomes of published studies of a range of 
other species. For example, studies of brook charr, Salvelinus fontinalis (Angers et al. 
1995), Atlantic herring, Clupea harengus (Shaw et al. 1999b; Hauser et al. 2001), fire 
ant, Solenopsis invicta (Ross et al. 1999), whitefish, Coregonus nasus (Patton et al. 
1997), rainbow trout, Oncorhynchus mykiss (O'Connell et al. 1997), Arctic charr, 
Salvelinus alpinus (Brunner et al. 1998), and brown trout, Salmo trutta L. (Hansen et al. 
2000). However, such an outcome is not universal, and some population genetic studies 
have, in fact, found more mtDNA heterogeneity than microsatellite DNA heterogeneity 
(e.g. Tessier et al. 1995; Larsen et al. 1996; Beheregaray & Sunnucks 2001). 
 
The apparently reduced resolution of the population genetic structure of Portunus 
pelagicus provided by the COI marker, in comparison with the microsatellite markers, 
might seem surprising, since mtDNA is haploid and maternally inherited, thereby 
reducing the effective population size of this marker to approximately one quarter of 
that of a ‘comparable’ nuclear gene locus (Birky et al. 1989). On this basis, ostensibly, 
one would generally expect mtDNA markers to be highly susceptible to the effects of 
genetic drift (Birky et al. 1989) and thus associated with relatively high levels of 
population differentiation. However, on the other hand, there are two plausible factors, 
that may have contributed to the reduced sensitivity of the COI marker in comparison 
with the microsatellite markers, as follows. 
 
Firstly, in some samples, in particular those from the eastern seaboard and from the 
relatively low latitude sampling sites on the western seaboard (i.e. Shark Bay, Exmouth 
Gulf), the frequency distribution of the COI haplotypes was very skewed, with many    Chapter 4 
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rare haplotypes occurring in the data set (see Table 4.2). This would have acted to 
reduce the power of the statistical tests for the presence of heterogeneity for 
comparisons involving these samples (e.g. Bowen & Grant 1997; Hauser et al. 2001). 
On the other hand, the alleles present at the microsatellite loci in these samples had 
more even frequency distributions, which is believed to increase the power of statistical 
tests for the presence of population sub-division (see Hauser & Ward 1998; Hauser et 
al. 2001). 
 
Secondly, the COI marker represented only a single gene locus and this may have 
reduced the chances of detecting population sub-division. Indeed, since it is a single 
non-recombining molecule, the entire mitochondrial genome can effectively be 
considered as only one locus (Wilson et al. 1985). Certainly, one would expect to have 
a better chance of detecting population sub-division using a larger rather than a smaller 
number of independent loci. For example, this is because additional loci generate 
additional information, which can be very important for distinguishing between random 
noise and bona fide signal in a data set, especially if the signal is not particularly 
pronounced. 
 
As a consequence, the information contained within the COI marker may have more 
strongly reflected the presence of historical connections, as opposed to the presence of 
contemporary sub-division, among the assemblages of Portunus pelagicus in Australian 
waters. Certainly, in general, non-recombining, mtDNA sequence information is likely 
to contain a relatively strong phylogenetic signal compared to size variation at 
microsatellite loci, which follows Mendelian patterns of inheritance (e.g. Kirchman et 
al. 2000; Queney et al. 2001; Maes et al. 2003).  Furthermore, the strength of any such 
signal is likely to be enhanced if the mutation rate of the mtDNA sequence is    Chapter 4 
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significantly lower than that of the microsatellite loci (e.g. Kirchman et al. 2000; Maes 
et al. 2003), which may well be the case for the COI region versus the sampled 
microsatellite loci, especially the dinucleotides, in P. pelagicus. In this regard, it is 
noteworthy that the detected levels of population genetic sub-division in P. pelagicus in 
Australian waters were at their lowest when the distance (genealogical) information 
contained in the COI sequence was incorporated into the analyses. 
 
4.4.3  Conclusions 
 
In conclusion, this chapter describes the results of an investigation based on the use of a 
COI (mtDNA) marker into the population genetic structure of Portunus pelagicus in 
Australian waters. The two main findings are as follows. 
 
Firstly, the COI marker and the microsatellite markers generally yielded similar results, 
with the exception that the COI marker appears to provide less resolution. This suggests 
that the spatial patterns of variation in this mitochondrial marker and in these nuclear 
markers are fundamentally similar. This in turn implies that both types of marker are 
subject to a broadly parallel combination of evolutionary forces, as opposed to what can 
be in the case in, for example, species with sex-specific differences in dispersal (e.g. 
Rassmann et al. 1997). The overall consistency of the result for the two different types 
of markers, particularly if one accepts the conclusion that any differences between them 
are simply a reflection of the lowered sensitivity of the COI marker, adds support to the 
inferences that were made in Chapter 3 about the population genetic structure of 
Portunus pelagicus in Australian waters, based on the microsatellite markers alone. 
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Secondly, the reason for the lowered resolving power of the COI marker was not 
unequivocally determined but probably relates in part to the fact that the distribution of 
this marker is more strongly influenced by historical than contemporary factors 
compared to the microsatellite loci, at least the dinucleotide ones. Thus, it seems that the 
population genetic structure of Portunus pelagicus in Australian waters reflects a 
combination of historical and contemporary factors, which are differentially emphasised 
in different regions of the genome.      Chapter 5 
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CHAPTER 5. PHYLOGEOGRAPHY AND EVOLUTIONARY 
HISTORY OF PORTUNUS PELAGICUS IN AUSTRALIAN 
WATERS 
5.1  Introduction 
 
A major goal of this PhD research was to generate information about the population 
genetic structure of Portunus pelagicus in Australian waters and then to use this 
information to develop hypotheses about the factors that are important in promoting 
genetic differentiation (and conversely maintaining genetic homogeneity) in this species 
in these waters and the time scales over which these factors operate (see section 1.3). In 
this regard, among other things, it is clearly important to investigate all of the main 
relevant issues, including the phylogeographical aspects of the population genetic 
structure and the demographic history of this species in this region. 
 
Chapters 3 and 4 of this thesis have described the use of microsatellite and mtDNA 
markers, respectively, to assess the population genetic structure of Portunus pelagicus 
in Australian waters. The main outcomes of this assessment were that (i) this species 
exhibited population genetic sub-division in Australian waters; (ii) the levels of sub-
division varied among geographic regions; and (iii) the groups of assemblages in 
temperate waters off the western seaboard and in the waters off South Australia were 
each highly genetically distinctive compared to assemblages from elsewhere (see 
sections 3.3 & 4.3). The sub-division appears to reflect, in part, barriers to gene flow 
and, more specifically, that the usual dispersal distances of individuals of P. pelagicus    Chapter 5 
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are probably very limited relative to the total geographic range of this species in 
Australian waters or even to medium-scale gaps in the distribution of the sheltered 
coastal environments (required by the juveniles and adults of this species) that prevalent 
in some locations, although other factors, such as hydrological barriers to dispersal, 
probably also play a role (see section 3.4.4).   
 
The above information about the population genetic structure of Portunus pelagicus, 
and its implications, was derived from the use of traditional measures of population 
genetic structure, such as F-statistics, which (with the exception of ΦST) were based 
exclusively on the number and frequencies of alleles (or haplotypes). Consequently, the 
information provided relatively little opportunity for evaluating the phylogeography or 
demographic history of P. pelagicus in Australian waters and may also have been 
relatively insensitive in detecting population sub-division (see Templeton et al. 1995; 
Templeton 1998). 
 
In general, the population genetic structures of species, particularly those of species 
such as Portunus pelagicus that have limited dispersal relative to their geographic 
ranges, are likely to strongly reflect both historical and contemporary factors 
(Templeton et al. 1995). However, until recently, it had not been possible to assess the 
relative importance of various historical versus contemporary influences with any 
degree of rigour. The recent breakthrough in this regard has stemmed from access to 
relatively polymorphic molecular markers and subsequently to the development of 
analytical methods that, in addition to considering the number and frequency of alleles, 
incorporate other information such as that contained in DNA sequences or in the size 
distributions of alleles at microsatellite loci. Examples of analytical methods that 
incorporate microsatellite size information include the M ratio statistic that can be used    Chapter 5 
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to test for past reductions in population size (Garza & Williamson 2001), and the β 
index that can be used to test for past expansions in population size (Kimmel et al. 
1998). Examples of methods that incorporate DNA sequence information include nested 
clade analysis, which allows for the testing of very specific hypotheses regarding the 
evolutionary history versus the population structure of a species (see Templeton et al. 
1995; Templeton 1998). 
 
The increased power for resolving the evolutionary history of species rendered by the 
newer, more inclusive analytical methods is already well established (although it is also 
important to recognise that these methods do not provide a panacea for such). For 
example, one or more of these methods has been used to derive information, that 
effectively would have otherwise been unobtainable, about the evolutionary histories of 
a broad range of species, including the European rabbit, Oryctolagus cuniculus (Branco 
et al. 2002); the brown trout, Salmo trutta L. (Bernatchez 2001); several different 
species of intertidal invertebrates from the North Atlantic (Wares & Cunningham 2001); 
the scleractinian coral, Plesiastrea versipora (Rodriguez-Lanetty & Hoegh-Guldberg 
2002); the African elephant, Loxodonta africana africana (Whitehouse & Harley 2001) 
and  the North Atlantic right whale, Eubalaena glacialis (Waldick et al. 2002). 
 
The main objective of this chapter was to further investigate the population genetic 
structure of Portunus pelagicus in Australian waters, particularly the phylogeographical 
and historical aspects of such. In order to achieve this, the microsatellite data of Chapter 
3 and the COI sequence data of Chapter 4 were subjected to further analyses, including 
to some of the newer, more inclusive analytical methods mentioned above. The specific 
aims of this chapter were for P. pelagicus in Australian waters: (i) to assess the levels of 
genetic diversity within and among geographical regions; (ii) to investigate the    Chapter 5 
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phylogeographical aspects of the population genetic structure; and (iii) to investigate the 
historical demography. The resultant information was used to develop hypotheses about 
the recent evolutionary history of P. pelagicus in the three main sampling regions of this 
study, i.e. the eastern and western seaboards of Australia and South Australia. 
 
5.2  Materials And Methods 
5.2.1  Sampling Regime 
 
This analysis of the evolutionary history of Portunus pelagicus in Australian waters was 
conducted using the same samples of this species as were used in Chapters 3 & 4. As 
described in section 2.1, these samples collectively encompassed the entire distribution 
of this species in Australia. The details of the sampling sites and the collected methods 
are described in sections 2.1 & 2.3. 
 
5.2.2  Genetic Assays 
 
The microsatellite and COI sequence data for Portunus pelagicus used in this chapter 
were those generated and used as described in Chapters 3 and 4 respectively. The details 
of the genetic assays that were used to generate these data are described in Chapter 2. 
Please refer to sections 2.4.1 and 2.4.2 for the details. 
 
As was explained in Chapter 2, microsatellite data were generated for two samples for 
some assemblages of Portunus pelagicus. In such cases, for the purpose of the data 
analyses in the present chapter, the microsatellite data from both samples from the same 
assemblage were combined into a single sample as long as no significant microsatellite    Chapter 5 
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heterogeneity had been detected between them in the analyses conducted in Chapter 3 
(see section 3.3.4.2). This was generally the case. However, since they exhibited 
significant microsatellite heterogeneity, the two samples from Spencer Gulf were 
treated separately. 
 
5.2.3  Data Analyses 
 
The mitochondrial COI sequences were aligned and edited as described in section 4.2.3. 
As explained in that section, the aligned sequences were 342 bp in length in all 
individuals and there were no missing data.  
 
5.2.3.1  Neutrality of the molecular markers 
 
The interpretation of the population genetic structure of Portunus pelagicus in Australia 
is influenced by whether or not the patterns of variation shown by the sampled markers 
conform to those expected for neutral markers in mutation-drift equilibrium (see Ford 
2002). Thus, this expectation has been tested for both the microsatellite and COI 
markers. Since the COI region is a protein-coding locus, and so may be relatively likely 
to be subject to the direct effects of selection, it seems particularly important to 
investigate the neutrality status of this locus (see Ballard & Kreitman 1995). Similarly, 
it is also important to make such an assessment for the microsatellite markers because, 
although microsatellite loci are generally believed to be more or less selectively neutral 
(Queller et al. 1993), this view has been questioned by a few authors (e.g. Ford 2002; 
and references therein) and, in any case, selection will indirectly influence patterns of    Chapter 5 
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variation at any microsatellite locus that is tightly linked to a locus under some selective 
constraints (Gillespie 2000a, 2000b). 
 
5.2.3.1.1  MtDNA COI sequences 
 
Tajima’s (1989) D-test and Fu’s (1997) Fs-tests were applied to test whether the 
variation in the COI sequences in each sample of Portunus pelagicus conformed to a 
neutral, infinite alleles distribution. In both cases, the statistical significance of the tests 
was assessed by randomly sampling the data under the assumptions of selective 
neutrality and population equilibrium, as implemented in ARLEQUIN version 2.0 
(Schneider  et al. 2000). Fu’s (1997) Fs-test compares the number of haplotypes 
observed to a given value of θ (i.e. genetic diversity) based on pairwise nucleotide 
differences (π). Thus, this statistic can be very sensitive to the presence of singletons (or 
low frequency mtDNA polymorphisms) in a given sample. 
 
5.2.3.1.2  Microsatellite DNA 
 
To my knowledge, as yet, no analytical methods have been developed to specifically 
test for the neutrality of microsatellite markers. Furthermore, although, in theory, 
methods that have been developed to test neutrality of allozyme loci can also be applied 
to the microsatellite loci, Ford (2002) suggests that these methods are not powerful and 
natural populations often violate their assumptions. Consequently, following Merilä et 
al. (1997), I assessed the neutrality of the microsatellite markers used in this study of 
Portunus pelagicus in terms of the strength of the correlation between certain of the 
characteristics of the microsatellite data set versus the corresponding characteristics of    Chapter 5 
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the mtDNA, COI sequence data set. This approach was decided only after the 
appropriate tests had been used to confirm the neutrality of the COI sequence variation 
(see section 5.3.2.1) and so was based upon the assumption that, if the microsatellite 
markers were also essentially ‘selectively neutral’, then corresponding characteristics of 
the microsatellite and mtDNA data sets should be highly correlated.   
 
The following three sets of characteristics were correlated: (i) average expected 
heterozygosity at microsatellite loci versus COI haplotype diversity; (ii) the 
standardised number of alleles at microsatellite loci versus the standardised number of 
COI haplotypes; and (3) values of θST for pairwise comparisons of samples for 
microsatellite data versus the same for COI data. The correlations for each the first two 
sets of characteristics were assessed using Spearman’s rank order correlations, with the 
computer program, SPSS
x (SPSS 1983). The correlation between the microsatellite and 
COI values of θST was assessed using the Mantel permutation test (Mantel 1967), with 
the program ISOLDE executed in GENEPOP, version 3.1 (Raymond & Rousset 1999). 
In the above correlation analyses, the Darwin sample was always excluded due to its 
very small sample size. 
 
5.2.3.2  Genetic Diversity Indices 
 
Genetic diversity indices were calculated, for both the microsatellite and COI data, for 
each sample of Portunus pelagicus.  
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5.2.3.2.1  Mitochondrial DNA 
 
Three measures were used to assess the level of COI diversity in the samples of 
Portunus pelagicus, namely (i) haplotype diversity (h), (ii) nucleotide diversity (π) and 
(iii) the standardised number of haplotypes (SNH). Haplotype diversity and nucleotide 
diversity were estimated as explained in section 4.2.3.1. The values of each of these 
diversity measures were plotted against the latitudes of the source of the associated 
samples, using separate plots for each measure. This was done in order to investigate 
spatial patterns in the distribution of mtDNA diversity. The most pertinent aspect of the 
data revealed by these plots was the presence of samples with markedly different levels 
of diversity (see Fig. 5.2). Since only these marked differences were of interest, it was 
not considered necessary to formally assess the statistical significance of the differences 
in the values of a diversity measure among samples. Also, if required, the standard 
errors associated with the diversity estimates are presented in Table 5.2. 
 
5.2.3.2.1.1  The standardised number of haplotypes (SNH) 
 
Since the number of haplotypes observed in a sample strongly depends on the size of 
the sample, it was necessary to provide estimates of the number of haplotypes that were 
standardised according to the sample size. Thus, 24 individuals from each sample were 
shuffled (i.e. sampled without replacement) over 1000 times. The standardised 
procedure is based around the number of individuals present in the smallest sample.  
Accordingly, the small samples from Port Stephens, Broome and Darwin were excluded 
because their inclusion would have caused a significant amount of information loss. 
Leberg (2002) has shown with simulations that sampling without replacement (or    Chapter 5 
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shuffling) is one of the strongest and precise methods of estimating allelic diversity with 
very small standard deviations. The standardization procedure was carried out by using 
POPTOOLS (add-in for Microsoft Excel, written by Greg Wood, Commonwealth 
Scientific and Industrial Research Organization, Australia, available at 
www.cse.csiro.au/CDG/poptools/). 
 
5.2.3.2.2  Microsatellite DNA 
 
For the microsatellite DNA data, both expected heterozygosity (HE) and allelic 
diversity, i.e. the standardised number of alleles (A), were used as measures of diversity. 
These two indices measure slightly different aspects of genetic diversity and thus can be 
used to provide slightly different perspectives on population structure and history. For 
example, Leberg (1992) and Sun (1996) have shown that allelic diversity appears to be 
more sensitive to changes in population size than do heterozygosity measures. The 
spatial patterns in the distribution of microsatellite diversity were assessed via plots of 
the values of these diversity measures against the latitudes of the source of the 
associated samples, as described above for the mtDNA data.   
 
5.2.3.2.2.1  Average expected heterozygosity (H) 
 
For each locus, expected heterozygosity (HE) was calculated as 1 - Σ(fi)
2, where fi is the 
frequency of the ith allele. HE was calculated for each sample separately. 
 
H, which is the expected heterozygosity averaged over all loci was calculated for each 
sample using the formula;    Chapter 5 
  140
∑
=
=
r
j
j E
r
H
H
1
 (Equation 8.6; Nei 1987) 
where  j E H  is the expected heterozygosity for the jth locus and r is the number of 
different loci typed. The sampling variance of H was also obtained by the following 
equation; 
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5.2.3.2.2.2  Standardised number of alleles (A) 
 
Like, the number of haplotypes, the number of alleles present in a sample strongly 
depends on the size of the sample. Thus, an estimate of the number of alleles present in 
each sample of Portunus pelagicus, standardised according to the sample size, was 
generated. The standardised estimate was based on the shuffling (sampling without 
replacement) of 25 or 30 individuals over 1000 times. For this procedure, the small 
samples from Port Stephens and Darwin were excluded for the same reasons that they 
were excluded from the calculation of the standardised number of haplotypes (see 
section 5.2.3.2.1.1). The standardisation procedure was conducted on a locus-by-locus 
basis for each sample and ultimately the number of alleles for each locus was summed 
to provide an estimate of the standardised number of alleles for that sample. The 
standardization procedure was carried out by using POPTOOLS (see section 
5.2.3.2.1.1).  
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5.2.3.3  Genealogical relationships 
 
The phylogenetic and phylogeographic aspects of the population structure of Portunus 
pelagicus were addressed using only the mtDNA COI sequence data. Data from the 
microsatellite loci were not used to address these issues because of uncertainties 
associated with extracting genealogical information from this type of data (see Garza et 
al. 1995; Nauta & Weissing 1996; Ortí et al. 1997).  
 
5.2.3.3.1  Traditional methods 
 
The neighbour-joining and maximum likelihood methods, incorporating Tamura-Nei’s 
substitution model with a gamma distribution of 0.2, were each used to assess the 
relationships among the haplotypes of Portunus pelagicus. Transitions, transversions 
and each of the three codon positions were equally weighted in these analyses because 
plots of either transition substitutions or third codon substitutions against pairwise 
sequence differences did not appear to approach saturation (results not shown). The 
neighbor-joining tree was generated using the computer program MEGA version 2.1, 
with 10,000 bootstraps (Kumar et al. 2001) while the maximum likelihood tree was 
generated using the software TREE-PUZZLE, with 25,000 puzzling steps (Schmidt et 
al. 2002). The results for the maximum likelihood analysis were very similar to those of 
the neighbour-joining analysis and so, for simplicity, only the latter have been presented 
in the results section. A maximum parsimony analysis was not conducted because there 
were only 22 phylogenetically informative sites (in the sense of traditional cladistical 
analysis) among 53 unique haplotypes. 
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5.2.3.3.2  Haplotype network analyses 
 
The evolutionary relationships among haplotypes were also estimated by constructing a 
haplotype network using the parsimony method of Templeton et al. (1992). This 
method estimates the maximum number of substitutions required to connect 
parsimoniously, with 95% confidence, any two haplotypes, and build the network by 
firstly linking sequences with the smaller number of differences. This analysis was 
performed with the software TCS version 1.13 (Clement et al. 2000). 
 
The network-based assessment of the relationships among the COI haplotypes of 
Portunus pelagicus was expected to provide significant advantages in comparison with 
that provided by the traditional tree building methods described above. This is because, 
although these and other traditional methods of phylogenetic reconstruction, have been 
widely used with genetic data, they were developed to infer genealogical relationships 
at an interspecific level and are based on a number of the assumptions that are invalid at 
the intraspecific level. For example, these methods assume that the ancestral haplotypes 
do not exist in the current population, yet coalescent theory predicts that ancestral 
haplotypes will be the most frequent sequences sampled in a population level study 
(Donnelly & Tavaré 1986; Crandall & Templeton 1993). In addition, traditional 
methods require relatively large numbers of variable characters to infer genealogical 
relationships accurately (Huelsenbeck & Hillis 1993). However, data sets at the 
population level typically contain relatively few variable characters and hence, when 
used with traditional methods of analyses, generally produce phylogenies that are 
poorly resolved. Furthermore, traditional methods result in bifurcating trees, meaning 
that relationships are portrayed in terms of ancestral sequences that give rise to a 
maximum of two descendant sequences (Posada & Crandall 2001), while coalescent    Chapter 5 
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theory predicts that the ancestral haplotypes in the population will often give rise to 
multiple descendent haplotypes and, in particular, that the older the haplotype is, the 
more descendent haplotypes will be associated with it (Donnelly & Tavaré 1986; 
Crandall & Templeton 1993). 
 
5.2.3.4  Analyses of historical demography 
 
Both the microsatellite and mtDNA data were used to investigate the demographic 
history of Portunus pelagicus in Australian waters. 
 
5.2.3.4.1  Mitochondrial DNA 
5.2.3.4.1.1  Nested clade analyses 
 
Nested clade analysis (Templeton et al. 1995; Templeton 1998) was used to develop 
hypotheses about the effects of a range of historical and recurrent processes, such as 
range expansion, population fragmentation or gene flow restricted by isolation by 
distance, on the population genetic structure of Portunus pelagicus. Although not yet 
subject to extensive computer simulation studies, nested clade analysis is believed not to 
be prone to type I errors, i.e. incorrectly rejecting true null hypotheses (Templeton 1998; 
Templeton 2001).  
 
The nested clade network was constructed as follows.  Firstly, the ambiguities present in 
the initial haplotype network were resolved using the criteria of Crandall & Templeton 
(1993) as follows. (i) An ‘ambiguous’ haplotype represented by a single individual, i.e.    Chapter 5 
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a singleton, was considered to be more likely to be derived from the other haplotypes 
present in the same population than from ones present in other populations. (ii) An 
‘ambiguous’ haplotype that was rare was considered to be more likely to occur at the tip 
while a common one was considered to be more likely to be found at an interior node. 
Secondly, the resultant ‘unambiguous’ network was converted into a series of nested 
clades using the rules of Templeton et al. (1987) and Templeton & Sing (1993). 
 
Based on this nested design, the user defined matrix of distances between sampling sites 
and the haplotype frequencies were used to prepare the input file for the program 
GEODIS version 2.0 (Posada et al. 2000). A ‘user-defined’ matrix of distances between 
the sampling sites, specifically of the shortest coastline distances among the sites, were 
provided to the program instead of the map coordinates of each sampling location. This 
was necessary because the coastline of Australia is irregularly shaped and thus 
geographical coordinates can provide a misleading picture of the distances between 
sampling sites. GEODIS was used to do the following. (1) Calculate the four different 
measures of phylogeographical structure, i.e. DC, DN, I-TC and I-TN. DC (clade distance) 
informs about the extent of the geographical range of a particular clade and DN (nested 
clade distance) informs about the extent of the geographical range of a particular clade 
relative to those of other clades in the same, higher-level nesting category. I-TC is the 
difference in DC for interior versus tip clades for a particular nesting category and I-TN 
is the difference in DN for interior versus tip clades for a particular nesting category. For 
a more comprehensive explanation of these statistics, one can consult the paper of 
Templeton  et al. (1995). (2) Test for the presence of significant geographical 
associations within each clade. This was tested by recalculating each of the four clade 
distances after each of 10,000 random permutations of the cladistical versus  the 
geographical data. Finally, the likely bases for any significant phylogeographical    Chapter 5 
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associations were explored using an updated version of the key from Templeton (1998) 
(available at http://bioag.byu.edu/zoology/crandall_lab/geodist.htm). 
 
5.2.3.4.1.2  Mismatch Distribution 
 
The ‘mismatch distribution’, in other words, the frequency distribution of the number of 
sites with nucleotide differences in the sequence of the COI haplotypes between all 
pairs of individuals in a sample, was obtained for each sample of Portunus pelagicus 
and also for the ‘total sample’ (i.e. all samples pooled).  
 
Mismatch distributions can provide information about the demographic history of a 
given local or regional ‘population’ (Slatkin & Hudson 1991; Rogers & Harpending 
1992). However, there can be significant interpretational difficulties associated with 
such usage (e.g. Aris-Brosou & Excoffier 1996; Schneider & Excoffier 1999; Emerson 
et al. 2001). Thus, in this chapter, the mismatch distributions have been used to provide 
a crude, qualitative assessment of the demographic history of Portunus pelagicus in 
Australian waters. The mismatch distributions for the COI sequence data for the 
samples of P. pelagicus were calculated using the computer program ARLEQUIN 
version 2.0 (Schneider et al. 2000). 
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5.2.3.4.2  Microsatellite DNA 
5.2.3.4.2.1  The M ratio: A test for population bottlenecks 
 
The  M ratio of Garza & Williamson (2001) was used to assess whether the 
microsatellite data provided evidence of recent size reductions in the assemblages of 
Portunus pelagicus. Garza & Williamson (2001) define M as the mean of the ratio of 
the number of alleles to the total range in allele size. There are alternative approaches 
for testing for the presence of population bottlenecks using microsatellite data but these 
rely on features, such as ‘heterozygote excesses’ or the presence of particular distortions 
of allele frequency distributions that are known to be fairly transient, i.e. to last only a 
few dozen generations (Luikart et al. 1998; Luikart & Cornuet 1998). The M ratio 
approach was selected over these alternatives because a reduction in the allele number 
relative to the range in allele size is expected to be relatively persistent in a population 
that has undergone a bottleneck (Garza & Williamson 2001). 
 
The rationale underlying the use of the M ratio to test for reductions in the size of 
populations is as follows. As long as the allele frequency distributions are not bell-
shaped, i.e. the rarest alleles are not always the largest and smallest alleles, when a 
population experiences a reduction in size, the reduction in the number of alleles due to 
genetic drift will be quicker than the reduction in allele size range (Garza & Williamson 
2001). Consequently, the M ratio is expected to be smaller in a recently bottlenecked 
population than in an equivalent stable, i.e. equilibrium, population (Garza & 
Williamson 2001). 
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The values of the M  ratio, and its variance, across loci were calculated using the 
program AGARst (Harley 2001). Data from the locus pPp08 were excluded from these 
calculations because the size of the alleles at this locus varied in increments of 1 bp, 
instead of the expected 2 bp (see section 3.2.3), and hence do not conform to the 
expectations of the mutation model on which the M method is based (see Garza & 
Williamson 2001). Furthermore, since Garza & Williamson (2001) suggest that the 
pooling of heterogeneous samples (i.e. samples from a sub-divided species) can 
artificially reduce the M ratio, I conducted this analysis for samples from single 
locations rather than, for example, on the basis of pooled regional samples. Similarly, in 
cases of multiple samples from the same location, only those that did not show any 
significant differentiation were pooled for this analysis. For example, the two samples 
from Spencer Gulf were treated separately. Finally, the sample from Darwin was not 
included in these calculations due to its very small size. 
 
The statistical significance of the results of this analysis was assessed by comparing the 
value of M for a particular sample to a critical value of M, Mc, for that sample. Mc was 
calculated by (i) simulating an equilibrium distribution of M for the sample 10,000 
times; (ii) sorting the resultant M values in descending order; and (iii) selecting the M 
value, which becomes Mc, such that for only 5% of the simulations M < Mc (Garza & 
Williamson 2001). Thus, a sample for which the value of M was less than that of Mc 
was interpreted as having a M ratio that was significantly different from equilibrium 
expectations. Following the recommendations of Garza & Williamson (2001), the 
equilibrium values of M for each replicate in the simulations were calculated using the 
following values for each of three required parameters: the mutation parameter (θ) = 10, 
the mean percentage of one step mutations (ps) = 90% and a mean size of non one step 
mutations (Δg) = 3.5. The Mc values of the different samples were different due to the    Chapter 5 
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differences in the sample sizes. The values of Mc for each sample were calculated using 
an executable program available at http://www.pfeg.noaa.gov/tib/carlos.htm. 
 
5.2.3.4.2.2  The β statistic: A test of past population expansion 
 
The β statistic, also known as the ‘imbalance index’, of Kimmel et al. (1998) was used 
to assess whether the microsatellite data provided evidence of a past expansion in the 
size of each of the sampled assemblage of Portunus pelagicus in Australia (except for 
Darwin sample). Although many other statistics can be used with microsatellite data to 
test for past population growth (e.g. Reich & Goldstein 1998; Reich et al. 1999; 
Zhivotovsky  et al. 2000), King et al. (2000) has shown that the β statistic has the 
highest power to detect past population expansions, especially when there is a high 
variance in the mutation rates among the loci typed. Since at least some of the typed 
microsatellite loci in P. pelagicus have different mutation rates, e.g. the tetranucleotide 
versus dinucleotides (see Chapter 3) the β statistic was selected for this study. 
 
The rationale underlying the use of the β statistic to test for past population expansions 
is as follows. The mutation parameter, θ, can be estimated using either the genetic (i.e. 
allelic size) variance (V) or the homozygosity (P) at a given microsatellite locus. Under 
a model of population size expansion, the variance-based and homozygosity-based 
estimates of the mutation parameter are expected to deviate from each other. On this 
basis, Kimmel et al. (1998) defines the β index as the ratio of the variance-based 
estimate of θ to the homozygosity-based estimate of θ. The estimates are calculated 
assuming  that the given microsatellite loci mutate according to the single-step stepwise    Chapter 5 
  149
mutation model, SSMM. θV, variance-based estimate of θ, and θP, homozygosity-based 
estimate of θ, were calculated according to the following formulas, 
θV = V and θP = (P
-2 − 1)/2 
unbiased estimators of V and P were calculated as follows,  
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i
i ip r , pi is the frequency of the allele carrying i repeats and n is the number 
of chromosomes (i.e. double the number of diploid individuals sampled) present in the 
sample. 
 
At mutation-drift equilibrium, the β index is expected to be one (Kimmel et al. 1998). 
Deviation of the β index from one at a given microsatellite locus is an indication of 
either a departure from this equilibrium or a departure from the SSMM or a 
combination of both. When a population expands its size without a prior bottleneck 
event (i.e. the population is at mutation-drift equilibrium before the expansion), there 
will be an increase in both the allele size variance and the heterozygosity (i.e. 1 − P). 
However, under the assumption of the SSMM, the rate of increase in heterozygosity 
will be higher than the rate of increase in allele size variance. As a result, a population 
expansion from mutation-drift equilibrium is expected to be associated with a value of 
the β index that is less than one (or below zero in the case of ln β). Alternatively, a 
population expansion that is preceded by a bottleneck is expected to be associated with 
a value of the β index that is greater than one (or above zero in the case of ln β) (see 
Kimmel et al. 1998).   
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There are several ways of estimating the β index when data for several microsatellite 
loci are to be considered. King et al. (2000), with simulations, has shown that the 
estimation of β separately for each locus and the subsequent averaging of these 
estimates over loci, provides the most sensitive test for the detection of an increase in 
population size. Thus, in this study I estimated the β index using the following formula; 
i P i V
L
i L
) (ln ) (ln
1
ln
1
θ θ β − = ∑
=
 
where L indicates the number of loci sampled and i indicates the indices of these loci. 
Since the patterns of mutation at the locus pPp08 appear to be inconsistent with the 
SSMM (see section 3.2.3), the data from this locus were not included in these 
calculations. Finally, the Darwin sample was excluded from these calculations due to its 
small size. 
 
5.3  Results 
5.3.1  Overview 
5.3.1.1  Mitochondrial DNA 
 
The mtDNA marker used in this study was a 342 bp partial sequence of the COI gene. 
Information on the patterns of variation in this sequence was obtained for samples of 
Portunus pelagicus from 16 assemblages from throughout Australia (see Section 2.1). 
The number of individuals assayed per sample ranged from 4 individuals from Darwin 
sample to 32 individuals from Shark Bay. Information about the overall levels of 
polymorphism and the nucleotide composition of the COI sequence and the spatial 
distribution of the COI haplotypes has been presented in section 4.3. 
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5.3.1.2  Microsatellite DNA 
 
The microsatellite markers used in this study comprised one tetranucleotide and five 
dinucleotide loci. Information on the patterns of variation at these six loci was obtained 
for samples of Portunus pelagicus from 15 assemblages from throughout Australia. The 
number of individuals assayed per locus ranged from 4 individuals from Darwin sample 
to 100 individuals from Gulf Saint Vincent. Information about the overall levels of 
polymorphism and composition of the microsatellite loci and spatial patterns of allele 
frequency variation has been presented in section 3.3. 
 
5.3.2  Neutrality of the molecular markers 
5.3.2.1  Mitochondrial DNA 
 
The results of Tajima’s (1989) D-tests and Fu’s (1997) Fs-tests for neutrality of the COI 
sequence are presented in Table 5.1. According to these results the patterns of COI 
variation in the majority of samples conformed to expectations for a neutral sequence in 
drift-mutation equilibrium (see Table 5.1). Only the samples from Spencer Gulf in 
South Australia and Shark Bay on the western seaboard showed any evidence of 
significant departures from these expectations and only the value of Fs for the Shark 
Bay sample was significantly different from zero (‘neutral expectations’) after a 
sequential Bonferroni correction was applied (Table 5.1). As was mentioned in section 
5.2.3.1.1, the Fs-statistic is relatively sensitive to the presence of low frequency 
mitochondrial DNA polymorphisms. The significant result for the Fs-statistic in regard 
to the Shark Bay sample thus likely reflects the fact that this sample has the maximum 
number of singletons when compared to the other samples (see Table 4.2).    Chapter 5 
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5.3.2.2  Microsatellite DNA 
 
As was mentioned in section 5.2.3.1.2, correlation analyses were used to test for the 
neutrality of the assayed microsatellite loci in Portunus pelagicus. Figure 5.1a shows a 
plot of the average expected heterozygosity for the six microsatellite loci versus the COI 
haplotype diversity for each sample of P. pelagicus. There was a highly significant 
correlation between these two measures of diversity, with r being 0.795 and 
significantly different from zero (P = 0.001). This reflected the fact that essentially all 
samples tended to have either relatively low levels or relatively high levels of both 
expected heterozygosity and haplotype diversity (Fig. 5.1a). Only one sample (i.e. Gulf 
Saint Vincent) appeared as a major outlier (Fig. 5.1a). Figure 5.1b shows a plot of the 
standardised number of alleles, A, summed for the six microsatellite loci versus the 
standardised number of COI haplotypes, SNH, for each sample of P. pelagicus. Again, 
there was a highly significant correlation between these two measures, with r being 
0.919 and significantly different from zero (P = 0). Finally, there was also a very strong 
and positive correlation between the two θST measures obtained from the two different 
molecular data sets, with r being 0.755 and significantly different from zero (P = 0) 
(Fig. 5.1c). 
 
In view of the above results, especially the high level of correlation between the 
outcomes of the two independent data sets, both the microsatellite loci and COI 
sequences from Portunus pelagicus have been assumed to be selectively neutral in the 
interpretation of the results of the following analyses (see also section 5.4.1). 
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Table 5.1 Tests of neutrality of the COI sequences for samples of Portunus pelagicus 
from each of 16 assemblages in Australia. D = Tajima’s (1989) neutrality statistic; Fs = 
Fu’s (1997) neutrality statistic. P values that indicate statistically significant departures 
from neutral expectations, once the level of significance was corrected for multiple 
tests, are indicated in bold. For sample names see Table 2.1. Sample sizes are as shown 
in Table 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample  D  Fs 
GB 
 
0.69 
(P = 0.78) 
4.85 
(P = 0.97) 
PH 
 
-0.05 
(P = 0.54) 
3.75 
(P = 0.95) 
CS 
 
-0.47 
(P = 0.36) 
2.83 
(P = 0.88) 
PD 
 
-0.67 
(P = 0.29) 
-0.97 
(P = 0.34) 
SB 
 
-1.26 
(P = 0.10) 
-10.87 
(P = 0) 
EG 
 
-0.80 
(P = 0.23) 
-2.56 
(P = 0.12) 
BR 
 
0.95 
(P = 0.85) 
-0.21 
(P = 0.38) 
DW 
 
1.17 
(P = 0.85) 
-0.95 
(P = 0.11) 
MK 
 
-0.32 
(P = 0.42) 
-2.02 
(P = 0.18) 
HB 
 
-0.56 
(P = 0.33) 
-2.07 
(P = 0.18) 
MB 
 
-0.17 
(P = 0.49) 
-2.55 
(P = 0.11) 
WL 
 
-0.37 
(P = 0.41) 
-1.24 
(P = 0.31) 
PS 
 
1.40 
(P = 0.93) 
1.83 
(P = 0.84) 
GSV 
 
0 
(P = 1)  - 
SGe 
 
-2.09 
(P = 0.004) 
-1.57 
(P = 0.05) 
WCR 
 
0 
(P = 1)  -    Chapter 5 
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Figure 5.1 Plots of (a) average expected microsatellite heterozygosities against 
haplotype diversities, (b) standardised number of microsatellite alleles against 
standardized number of mtDNA haplotypes, and (c) mtDNA θST against microsatellite 
θST. For sample names see Table 2.1.   = western seaboard samples,   = South Australian 
samples and    = eastern seaboard samples. 
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5.3.3  Patterns in genetic diversity  
5.3.3.1  Mitochondrial DNA 
 
In absolute terms, the diversity in the partial COI sequence varied considerably among 
the samples of Portunus pelagicus, from, for example, a single haplotype in the sample 
from Gulf Saint Vincent (n = 31) and the west coast region (n = 29) and to a high of 18 
in the sample from Shark Bay (n = 32) (see Table 4.2). More specifically, the samples 
can be divided into three major groups on the basis of the patterns of diversity displayed 
in the COI region, as follows. 
 
Firstly, samples from South Australia, i.e. from Gulf Saint Vincent, Spencer Gulf and 
the west coast region. These samples displayed relatively low levels of diversity for all 
three diversity measures, i.e. the standardised number of haplotypes, haplotype diversity 
and nucleotide diversity (see Table 5.2; Fig. 5.2). This reflects the fact that each of these 
samples was dominated by a single haplotype and, when additional rare haplotypes 
were present, as in the sample from Spencer Gulf, most were relatively similar to the 
dominant haplotype (see Tables 4.1 & 4.2). 
 
Secondly, samples from south-western Australia, i.e. from Geographe Bay, the Peel-
Harvey Estuary and Cockburn Sound. These samples displayed relatively low 
standardised numbers of haplotypes and levels of haplotype diversity but relatively high 
levels of nucleotide diversity (see Table 5.2; Fig. 5.2). This reflects the fact that, while 
each of these samples contained relatively few different haplotypes, the two most 
common haplotypes were somewhat divergent from each (see Tables 4.1 & 4.2). 
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Thirdly, samples from the eastern seaboard and sites on the western seaboard at Port 
Denison or further north. These samples displayed relatively high values for all three 
diversity measures, reflecting the presence of a relatively large number and broad range 
of different haplotypes (see Table 5.2; Fig. 5.2).  
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Table 5.2 Summary of the genetic variability in 16 Portunus pelagicus samples based 
on six microsatellite loci and a 342 bp region of the COI region in the mtDNA. For 
sample names see Table 2.1. H,  expected heterozygosity averaged over all loci; A, 
standardised number of alleles; h, haplotype diversity; π, nucleotide diversity; SNH, 
standardized number of haplotypes. Values in parentheses are standard errors. Data are 
also presented for pooled samples, i.e. GB, PH & CS, from the south-western seaboard 
and pooled samples, i.e. GSV, SG & WCR, from South Australia in order to highlight 
that the overall levels of diversity in the samples of P. pelagicus from these regions is 
very low.  
 
  Microsatellite DNA  MtDNA COI sequences 
Sample  H A H π  SNH 
Western Seaboard     
GB 
 
0.678 
(0.0028) 
46.28 
 
0.405 
(0.0943) 
0.00845 
(0.00509) 
2.867 
 
PH 
 
0.717 
(0.0038) 
50.68 
 
0.359 
(0.1096) 
0.00708 
(0.00443) 
3 
 
CS 
 
0.680 
(0.0051) 
49.71 
 
0.323 
(0.1083) 
0.00665 
(0.00419) 
3.722 
 
PD 
 
0.767 
(0.0020) 
66.76 
 
0.775 
(0.0584) 
0.00975 
(0.00574) 
8.258 
 
SB 
 
0.800 
(0.0042) 
81.99 
 
0.859 
(0.0586) 
0.01009 
(0.00589) 
14.130 
 
EG 
 
0.838 
(0.0024) 
84.03 
 
0.857 
(0.0399) 
0.01192 
(0.00681) 
10.519 
 
BR 
 
- 
 
- 
 
0.857 
(0.1371) 
0.01285 
(0.00826) 
- 
 
North Coast        
DW 
 
0.695 
(0.0121) 
- 
 
1.000 
(0.1768) 
0.01199 
(0.00899) 
- 
 
Eastern Seaboard       
MK 
 
0.825 
(0.0037) 
80.73 
 
0.802 
(0.0536) 
0.01055 
(0.00612) 
9.367 
 
HB 
 
0.827 
(0.0041) 
74.78 
 
0.837 
(0.0441) 
0.01045 
(0.00608) 
9.546 
 
MB 
 
0.810 
(0.0033) 
70.02 
 
0.847 
(0.0434) 
0.00965 
(0.00569) 
9.742 
 
WL 
 
0.817 
(0.0034) 
74.85 
 
0.813 
(0.0421) 
0.01033 
(0.00601) 
8.381 
 
PS 
 
0.805 
(0.0026) 
- 
 
0.756 
(0.0698) 
0.00878 
(0.0055) 
- 
 
South Australia       
GSV 
 
0.751 
(0.0028) 
48.81 
 
0 
 
0 
 
1 
 
SGe 
 
0.678 
(0.0027) 
52.93 
 
0.214 
(0.1033) 
0.00138 
(0.00138) 
3.667 
 
SGw 
 
0.752 
(0.0030) 
52.94 
 
- 
 
- 
 
- 
 
WCR 
 
0.662 
(0.0027) 
32.88 
 
0 
 
0 
 
1 
 
South-western 
seaboard* 
0.704 
(0.0044)  -  0.357 
(0.0608) 
0.00727 
(0.00439)  - 
South 
Australia* 
0.751 
(0.0029)  -  0.068 
(0.0373) 
0.00043 
(0.00068)  - 
*A & SNH measures are not calculated for south-western seaboard & South Australian samples.    Chapter 5 
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Figure 5.2 Latitudinal locations of sampling sites plotted against (a) haplotype 
diversities, (b) nucleotide diversities, and (c) the standardized number of haplotypes. 
For sample names see Table 2.1.   = western seaboard samples,  = South Australian 
samples and    = eastern seaboard samples. 
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5.3.3.2  Microsatellite DNA 
 
Like the mtDNA diversity indices, the microsatellite DNA diversity indices, i.e. average 
heterozygosity and the standardised number of alleles, differed considerably among the 
samples of Portunus pelagicus (see Table 5.2; Fig. 5.3). Overall, there were strong 
parallels in the distributional patterns of diversity in the COI sequences and 
microsatellite loci, although the samples could not be organised into such neat 
categories for the latter as for the former and there were differences in other minor 
details (e.g. compare Figs. 5.2 & 5.3). More specifically, the main findings regarding 
the patterns of diversity at the microsatellite loci were as follows.  
 
Firstly, the samples from the eastern seaboard and from the western seaboard north of 
Port Denison exhibited high levels of diversity compared to the other samples (see 
Table 5.2; Fig. 5.3).  
 
Secondly, the samples from the south-western seaboard of Australia and from South 
Australia exhibited low to moderate levels of diversity, with the sample from the west 
coast region in South Australia being particularly depauperate (see Table 5.2; Fig. 5.3).  
 
Thirdly, the levels of diversity in the sample from Port Denison on the western seaboard 
were intermediate between the higher diversity samples to the north and the lower 
diversity samples to the south (see Table 5.2; Fig. 5.3). 
 
As implied above, the levels of diversity, both in the COI sequence and at the 
microsatellite loci were consistently lower in the samples from the assemblages of 
Portunus pelagicus in south-western Australia and South Australia. Furthermore, even    Chapter 5 
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collectively, the samples from each of these two regions showed relatively low levels of 
diversity (see Table 5.2). This raises the possibility that Portunus pelagicus has 
experienced a persistently small population size or a bottleneck(s) or a founder effect(s) 
or some combination of these factors within each of these two regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Latitudinal location of sampling sites plotted against (a) the average 
expected heterozygosities and (b) the standardised number of alleles in the 
corresponding samples. For sample names see Table 2.1.   = western seaboard samples,  
e   = South Australian samples and     = eastern seaboard samples. 
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5.3.4  Genealogical relationships and phylogeography 
 
The neighbour-joining tree illustrates the relatively large number of different COI 
haplotypes found in the samples of Portunus pelagicus from Australian waters (Fig. 
5.4). The main results of this analysis were as follows.  
 
Firstly, there were no large phylogenetic breaks among the haplotypes (see Fig. 5.4 and 
below).  
 
Secondly, there was a nested series of haplotype groups, with two major (basal) groups 
of haplotypes, A & B (Fig. 5.4 but see point 3 below). These two major groups of 
haplotypes were also identified using the maximum likelihood method (results not 
shown).  
 
Thirdly, many of the haplogroups (and some haplotypes) were geographically 
widespread, i.e. occurred in more than one geographic region (Fig. 5.4). Nevertheless, 
even these widespread groups (and haplotypes) tended to be distributed across only a 
portion, rather than the entirety, of the range, of P. pelagicus in Australian waters (Fig 
5.4).   
 
Fourthly, the bootstrap values at the branch nodes in the neighbour-joining tree were 
usually very low, i.e. < 50, and no node received especially strong support (Fig. 5.4). 
Similarly, the values of the puzzling steps in the haplotype tree obtained by maximum 
likelihood algorithm were generally very low (results not shown). These very low 
bootstrap and puzzling step values highlight the limitations associated with the    Chapter 5 
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application of tree building methods to the study of ‘shallow’, intraspecific phylogenies 
(see section 5.2.3.3.2). 
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Figure 5.4 A neighbour-joining tree illustrating the relationships among COI haplotypes of Portunus pelagicus. The bootstrap 
support values (which were generated from 10,000 replicates) are shown at the nodes but only when they were larger than 50%. The 
scale bar represents the equivalent of 0.005% nucleotide sequence divergence. For sample names see Table 2.1 The sampling 
region(s) in which each haplotype was found is also indicated where SW = south-western seaboard (i.e. GB, PH, and/or CS); PD = 
Port Denison; NW = north-western seaboard (i.e. SB, EG, and/or BR); EC =  eastern seaboard; SC = south coast. 
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Like the neighbour-joining tree, the TCS network illustrates the relatively large number 
of different COI haplotypes found in the samples of Portunus pelagicus (Fig. 5.5). 
Similarly, essentially the same haplogroups were recognisable in both the neighbour 
joining tree and network, although, as anticipated, the network more clearly illustrates 
the reticulate nature of the relationships among the haplotypes than the bifurcating tree, 
(compare Figs. 5.4 & 5.5). In any case, the main findings indicated by the network were 
as follows. 
 
Firstly, the phylogeny was relatively shallow, with a maximum of four mutational steps 
separating neighbouring haplotypes (Fig. 5.5).  
 
Secondly, the phylogeny essentially comprised a series of ‘star-like’ clusters of 
haplotypes, with each cluster consisting of a core haplotype, which was usually 
relatively abundant, connected to a series of outer haplotypes, which were usually 
relatively rare. The tip haplotypes differed from the associated internal haplotype by 
one, or occasionally, two mutational steps (Fig. 5.5). Each star-like cluster presumably 
represents a group of closely related haplotypes, with the tip haplotypes being 
derivatives of the core haplotype.  
 
Thirdly, there were several nested layers in the network, such that a haplotype that was 
tip in an outer layer was sometimes a core haplotype in the next most inner layer and so 
on (Fig. 5.5).    
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Figure 5.5 Haplotype network for the COI haplotypes of Portunus pelagicus obtained by using the criterion of parsimony with the program TCS Version 1.13 (Clement et 
al. 2000). Each line in the network shows a single mutational change regardless of the length of the line. A haplotype is shown by a circle. Surface area of the circle is 
proportional to the number of individuals present in this particular haplotype in the sample. Each haplotype is shown by a number. Empty circles indicate missing 
intermediate haplotypes. These missing haplotypes are necessary to link all observed haplotypes present in the network. Dashed lines show the ambiguities present in the 
haplotype network.      Chapter 5 
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In order to provide a relatively easy means of assessing the phylogeographic aspects of 
the population structure of Portunus pelagicus in Australian waters, the TCS haplotype 
network has been presented in association with a map of Australia showing the 
geographical locations of the sampling sites (Fig. 5.6). The main findings were as 
follows.  
 
Firstly, many of the star-like clusters of closely related haplotypes were represented in 
more than one geographic region (Fig. 5.6). Nevertheless, no such cluster of haplotypes 
was distributed across the entire geographic range of the samples; instead the 
distribution of a particular cluster appeared to centred on only a particular portion of the 
range (Fig. 5.6).  
 
Secondly, typically, the core haplotype within a particular cluster was more widely 
distributed than any of the associated tip haplotypes (Fig. 5.6). Furthermore, many of 
the core haplotypes, i.e. haplotypes 1, 2, 3, 4 and 25, occurred in samples from both the 
eastern seaboard and western seaboard and the main exceptions to this, i.e. haplotypes 
5, 41 and 37, were associated with the samples from either south-western Australia or 
South Australia (discussed below) (Fig. 5.6). 
 
Thirdly, a total of four different haplotypes were present in the samples from south-
western Australia, i.e. from Geographe Bay, the Peel-Harvey Estuary and Cockburn 
Sound (Fig. 5.6). All of these haplotypes were also present in samples from some of the 
other western seaboard sites but were exclusive to samples from the western seaboard 
(Fig. 5.6). The four haplotypes were associated with two ‘distant’ haplotype clusters, 
which were also exclusive to the samples from the western seaboard; in fact, one of 
these was not found north of Shark Bay (Fig. 5.6). In summary, the composition of the    Chapter 5 
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samples from south-western Australia was a subset of that of the samples from the 
lower latitude sites on the western seaboard and showed relatively strong affinities with 
samples from the sites immediately to the north, i.e.  Port Denison and Shark Bay, 
compared to those from even further north (Fig. 5.6). 
 
Fourthly, a total of four different haplotypes were also present in the samples from 
South Australia, i.e. from Gulf Saint Vincent, Spencer Gulf and the west coast region 
(Fig. 5.6). Three of these haplotypes, haplotypes 37, 52 and 53, comprised a star-like 
cluster, where haplotype 37 was common and present in all of the samples from South 
Australia, as well as the sample from Wallis Lake on the eastern seaboard, while 
haplotypes 52 and 53 were rare and unique to the sample from Spencer Gulf (Fig. 5.6). 
The fourth haplotype, haplotype 4, was more distinctive (Fig. 5.6). It was present in the 
sample from Spencer Gulf as well as in all of the samples from the eastern seaboard but 
not from elsewhere except Shark Bay (Fig. 5.6). In addition, haplotype 4 was closely 
related to two other haplotypes, haplotypes 45 and 46, which were found only in 
samples from the eastern seaboard. Thus, the samples from South Australia appear to 
show relatively strong affinities, in terms of shared haplotypes, with the samples from 
the eastern seaboard of Australia (Fig. 5.6).    
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Figure 5.6 Map of Australia showing sampling sites of Portunus pelagicus with haplotype network presented for each site. Solid circles show the sets of haplotypes in the 
network that were found in each sampling site. Surface area of the circle represents the overall (not population) frequency of the haplotype.   Chapter 5 
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5.3.5  Analyses of historical demography 
5.3.5.1  Mitochondrial DNA 
5.3.5.1.1  Nested Clade Analysis 
 
The combined information about the phylogeography of Portunus pelagicus in 
Australian waters (presented above) could imply that this species has relatively recently 
(in an evolutionary sense) colonised the eastern seaboard and western seaboard from a 
common pool of haplotypes and subsequently expanded its range from north to south 
along the western seaboard and perhaps also from the eastern seaboard into South 
Australian waters. Nested clade analysis was used to, among other things, assess the 
various components of this implication. The main results of this analysis were as 
follows.  
 
Firstly, a total of 11 clades, including the total cladogram, revealed a significant 
association between genetic and geographical variation (Fig 5.8). 
 
Secondly, range expansion, and particularly contiguous range expansion, appears to 
have been a major factor in the recent evolutionary history of P. pelagicus in Australian 
waters (Figs. 5.7 & 5.8; Table 5.3). Of particular note is the fact that: (i) evidence of 
range expansion was apparent at a range of levels in the cladogram, including the more 
inclusive ones (Figs. 5.7 & 5.8; Table 5.3); and (ii) contiguous range expansion was 
inferred for both of the two western seaboard clades (1-5 and 1-11) whose distributions 
extended into south-western Australia (Figs. 5.7 & 5.8; Table 5.3). 
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Thirdly, there was also evidence to suggest that P. pelagicus is subjected to restricted 
gene flow with ‘isolation by distance’ in Australian waters. Evidence of such was 
apparent for two clades, clade 1-2 and 2-2 (Table 5.3). This result concerning clade 1-2 
in particular is interesting because this clade occurred in all of the eastern seaboard 
samples as well as the samples from Darwin and in samples from at relatively low 
latitude sites on the western seaboard (Broome and Exmouth Gulf), i.e. in samples that 
exhibited little evidence COI differentiation when analysed via traditional methods of 
analyses (see section 4.3.2.1). 
 
Fourthly, no conclusive outcome was obtained regarding the two clades, i.e. 1-10 and 1-
16, that were found in the samples from South Australian waters at a level that may be 
relevant to directly explaining their presence in these waters (Figs. 5.7 & 5.8).    
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Figure 5.7 Nested cladistic design for COI haplotypes of Portunus pelagicus. (A) Haplotype network. (B) Step 1 nested clade design, with nesting of the 
haplotypes separated by only one mutation within circles and triangles. (C) Step 2 nested clade design, obtained by grouping the level 1 clades, which are 
separated by one mutation. (D) Step 3 nested clade design, obtained by grouping the level 2 clades, which are separated by one mutation. (E) Step 4 nested 
clade design, obtained by grouping the level 3 clades are separated by one mutation – this represents the most inclusive nesting level for this data set. 
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Figure 5.8 Results of tests for geographical associations, based on the nested clade analysis of Portunus pelagicus mtDNA COI haplotypes. Haplotypes (0-
step) are given at the top and boxed by the clade structure given in Fig. 5.7. Interior haplotypes and clades are shaded. Higher level clades are presented as 
one moves down the figure. Significantly large or small distance values, i.e. DC, DN, I-TC and I-TN, are shown by an ‘L’ or an ‘S’, respectively.    
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Table 5.3 Inferences regarding the important demographic influences on Portunus 
pelagicus in Australian waters based on nested clade analysis and an updated version of 
the key from Templeton (1998). Only those clades that showed a significant association 
between genetic and geographic variation are included. 
 
 
 
5.3.5.1.2  Mismatch Distribution 
 
The mismatch distributions of each sample of Portunus pelagicus have been presented 
in association with a map of Australia showing the geographical locations of the 
Clade  Chain of inference  Demographic process 
1-2 1-2-11-17-4  NO Restricted gene flow with isolation by 
distance 
1-5 1-2-11-12  NO  Contiguous range expansion 
1-8  1-2-11-17 NO  Inconclusive outcome 
1-11 1-2-11-12  NO  Contiguous range expansion 
2-2 1-2-3-4  NO Restricted gene flow with isolation by 
distance 
2-3 1-2-11-12  NO  Contiguous range expansion 
2-7  1-2-3-5-6 too few clades 
Insufficient genetic resolution to discriminate 
between range expansion and restricted gene 
flow 
3-1 1-2-11-12-14 
Range expansion: unable to distinguish 
between contiguous expansion and long 
distance colonisation 
3-2  1-2-3-5-6 too few clades 
Insufficient genetic resolution to discriminate 
between range expansion and restricted gene 
flow 
3-3 1-2-11-12-13-14 
Range expansion: unable to distinguish 
between contiguous expansion and long 
distance colonisation 
Total 
Cladogram  1-2-11-12 NO  Contiguous range expansion    Chapter 5 
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sampling sites (Fig. 5.9). The main findings indicated by these distributions were as 
follows. 
 
Firstly, the mismatch distributions of the samples from the eastern seaboard of 
Australia, from Darwin and from Port Denison and the lower latitude sites on the 
western seaboard of Australia contained two distinct peaks, one associated with 
comparisons between individuals with very similar haplotypes (~1 substitution) and one 
associated with comparisons between individuals with more dissimilar haplotypes (~5 
substitutions). In addition, the distributions of differences among individuals were 
continuous (except for those samples where n ≤ 13) (Fig 5.9). These attributes reflect 
the presence of a relatively broad spectrum of haplotypes in each of these samples. 
 
Secondly, the mismatch distributions of the three samples from the western seaboard of 
Australia to the south of Port Denison had prominent peaks at zero site differences  (≡ 
comparisons between individuals with identical haplotypes), as well as a second, more 
minor peak, associated with comparisons between individuals with ‘dissimilar’ 
haplotypes (Fig. 5.9). There was a significant gap between the two modal classes in 
each distribution (Fig. 5.9). These attributes reflect the presence of two low-diversity 
haplogroups in these samples and, particularly when viewed in the context of the results 
for the samples noted in (1) above, suggest that the assemblages on the south coast of 
Western Australia have experienced a reduction(s) in size or a founder effect(s). 
 
Thirdly, the mismatch distributions of the samples from Gulf Saint Vincent and the west 
coast region in South Australia had only single datum points at zero site difference (Fig. 
5.9), reflecting the presence of a single haplotype. The distribution of the sample from 
Spencer Gulf was similar except that it contained a few additional data    Chapter 5 
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points/haplotypes (Fig. 5.9). These findings suggest that the assemblages in South 
Australia have also experienced a reduction(s) in size or a founder effect(s).    
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Figure 5.9 Map of Australia showing sampling sites of Portunus pelagicus with the histograms of nucleotide pairwise difference distributions indicated for each site. The 
histogram obtained from the total individuals is also included at the top of the map.    Chapter 5 
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5.3.5.2  Microsatellite DNA 
5.3.5.2.1  The M ratio: A test for population bottlenecks 
 
The main findings concerning the M ratio, i.e. ratio of the number of alleles to the total 
range in allele size (M value), for each sample of Portunus pelagicus were as follows.  
 
Firstly, the M values for all of the samples from both south-western Australia (i.e. 
Geographe Bay, Peel-Harvey Estuary, and Cockburn Sound) and South Australia (i.e. 
Gulf Saint Vincent, Spencer Gulf and the west coast region) were less than the 
corresponding critical values of M (Mc) (Table 5.4).  
 
Secondly, in contrast, the M values for samples from all other locations were higher 
than the corresponding values of Mc (Table 5.4). 
 
Thus, these findings are consistent with the view that the sampled assemblages of 
Portunus pelagicus in south-western seaboard and South Australia have each 
experienced either a significant bottleneck(s) or have been recently founded by a small 
number of individuals (since M < Mc), but provide no evidence of a significant 
reduction in the size of the sampled assemblages outside of these two regions (since M 
> Mc). 
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Table 5.4 Measures of demographic change for samples of Portunus pelagicus from 14 
assemblages in Australian waters, based on variation at six microsatellite loci. For 
sample names see Table 2.1. M, the mean ratio of number of alleles to total range in 
allele size; Mc, critical value of M; ln β, imbalance index. Values in parentheses are 
standard errors.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample  M Mc  ln β 
GB 
 
0.656 
(±0.020) 
0.666 
 
0.46 
 
PH 
 
0.618 
(±0.011) 
0.669 
 
0.35 
 
CS 
 
0.678 
(±0.042) 
0.683 
 
0.54 
 
PD 
 
0.789 
(±0.017) 
0.679 
 
-0.14 
 
SB 
 
0.815 
(±0.025) 
0.689 
 
-0.67 
 
EG 
 
0.829 
(±0.032) 
0.654 
 
-0.89 
 
MK 
 
0.705 
(±0.006) 
0.662 
 
-0.73 
 
HB 
 
0.821 
(±0.014) 
0.682 
 
-0.84 
 
MB 
 
0.765 
(±0.017) 
0.684 
 
-0.64 
 
WL 
 
0.687 
(±0.033) 
0.671 
 
-0.65 
 
PS 
 
0.615 
(±0.017) 
0.584 
 
-1.01 
 
GSV 
 
0.609 
(±0.011) 
0.690 
 
0.29 
 
SGe 
 
0.541 
(±0.001) 
0.655 
 
0.89 
 
SGw 
 
0.559 
(±0.002) 
0.667 
 
0.47 
 
WCR 
 
0.475 
(±0.044) 
0.637 
 
0.16 
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5.3.5.2.2  The β statistic: A test of population expansion 
 
The main findings concerning the imbalance index, ln β, for each sample of Portunus 
pelagicus were as follows. 
 
Firstly, the ln β values for all of the samples from both south-western Australia (i.e. 
Geographe Bay, Peel-Harvey Estuary, and Cockburn Sound) and South Australia (i.e. 
Gulf Saint Vincent, Spencer Gulf and the west coast region) were positive (Table 5.4).  
 
Secondly, in contrast, the ln β values for samples from all other locations were negative 
(Table 5.4). 
 
Thus, these findings are consistent with the view that the sampled assemblages in south-
western seaboard and South Australia have each experienced an expansion in size 
preceded by a bottleneck(s) (or founder effect(s)). 
 
5.4  Discussion 
5.4.1  Neutrality of the Molecular Markers 
 
An accurate interpretation of the results of this chapter (or indeed of this thesis in 
general) depend, inter alia, upon whether the patterns of variation displayed at the COI 
and microsatellite loci in Portunus pelagicus in Australian waters have been primarily 
determined by selection or according to the dictates of the neutral model of molecular 
evolution (see Ford 2002). Two lines of evidence indicate that the latter is more likely    Chapter 5 
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than the former. Firstly, the outcomes of both Tajima’s (1989) D-test and Fu’s (1997) 
Fs-tests, indicate that the patterns of COI variation in each sample, with the possible 
exception of those in the Shark Bay sample, were consistent with expectations for 
neutral markers, although it should be noted that there is variability with regards to the 
emphases and sensitivities of these and other ‘neutrality tests’ (e.g. see Ramos-Onsins 
& Rozas 2002). Secondly, there was a high degree of correlation between the spatial 
patterns of genetic diversity and divergence for the COI versus the microsatellite 
markers in P. pelagicus. Furthermore, an independent study of allozyme variation in P. 
pelagicus has reported relatively low levels of diversity in South Australian 
assemblages when compared to assemblages from Northern Territory (Bryars & Adams 
1999), which was in accordance with the findings of the present study. Since the effects 
of selection are expected to be locus specific, it would be highly unlikely for selection 
to generate such a high degree of concordance across a range of independent markers 
(see Merilä et al. 1997). Thus, on the basis of the above findings, both the microsatellite 
and mtDNA COI markers from P. pelagicus can be considered to be selectively neutral. 
 
5.4.2  Levels of Genetic Diversity 
 
Portunus pelagicus appears to display high levels of neutral genetic diversity 
throughout much of its geographical range in Australian waters. For example, the values 
of COI haplotype diversity ranged from 0.756 to 1.00 (in the small Darwin sample), and 
the values of average heterozygosity for the microsatellite loci ranged from 0.695 (in the 
small Darwin sample) to 0.838, for samples from a range of latitudes on the eastern 
seaboard, from the waters off Darwin in the Northern Territory and in ‘tropical’ waters 
of the western seaboard, i.e. in the waters to the north of Port Denison. Very few data on    Chapter 5 
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the levels of genetic diversity in other marine crustaceans in the Indo-West Pacific 
region are available for comparison; those that are available suggest that the levels of 
mtDNA diversity are very high in some (e.g. Lavery et al. 1996a, 1996b; Barber et al. 
2002) but more modest in other such species (e.g. Gopurenko et al. 1999, 2003; 
Gopurenko & Hughes 2002). In general, marine species tend to have higher levels of 
neutral genetic diversity than species that inhabit freshwater or terrestrial systems 
(DeWoody & Avise 2000); a phenomenon that is generally presumed to be associated 
with/indicative of relatively large effective population sizes in the marine species 
(DeWoody & Avise 2000).   
 
Portunus pelagicus also appears to display marked variation with regards to the spatial 
distribution of the levels of neutral genetic diversity in Australian waters. Thus, while 
the levels of microsatellite and COI diversity appear to be high over much of its 
geographical range in these waters (see details above), these levels, particularly in the 
COI marker, seem to be much reduced in temperate waters of the western seaboard (i.e. 
south of Port Denison) and also in South Australian waters. 
 
Portunus pelagicus is essentially an Indo-West Pacific species with a distribution that 
extends into temperate waters on the western and eastern seaboards of Australia and 
includes an isolated group of assemblages in South Australian waters (see Kailola et al. 
1993). Thus, the levels of (neutral) genetic diversity in this species are reduced in areas 
at the margins of its geographical range in Australian waters. However, there was no 
clear evidence of a decrease in the levels of genetic diversity in P. pelagicus in 
temperate waters on the eastern seaboard, although the potential of this study to assess 
such was limited by the relatively small size of the sample from the most southerly    Chapter 5 
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sampling site on the eastern seaboard, i.e. Port Stephens (29º15′S) and the lack of 
sampling closer to the southern most limit of the distribution of P. pelagicus on this 
coastline (i.e. Eden, 37˚04′S). 
 
To my knowledge, there are very few published data sets that are directly comparable to 
the current one, i.e. pertaining to DNA-level variation in an Indo-West Pacific species 
along the eastern seaboard and western seaboard of Australia and in South Australia. 
However, Maguire et al. (2000) and Maguire et al. (2002) have provided some broadly 
comparable information about the levels of diversity in microsatellite and amplified 
fragment length polymorphisms, respectively, in the mangrove Avicennia marina. This 
information suggests that, like Portunus pelagicus, this mangrove species exhibits 
considerable spatial variation in levels of genetic diversity and has generally lower 
levels of genetic diversity in south-western Australia and South Australia (and also at 
the south-eastern tip of Australia) than in the Northern Territory and Queensland and to 
a lesser extent northern New South Wales. Similarly, another Indo-West Pacific species 
of portunid, namely the mud crab Scylla serrata, has reduced levels of variation in the 
COI region of the mtDNA (although not in microsatellite markers) in south-western 
Australia compared to lower latitudes on the western seaboard (Gopurenko et al. 2003). 
In more general terms, a range of Indo-West Pacific marine species exhibit relatively 
low levels of diversity (and relatively high levels of population sub-division) at the 
peripheries of their geographic ranges (e.g. Benzie 1992, 1999; Benzie & Stoddart 
1992; Lavery et al. 1996a; Palumbi et al. 1997; Williams & Benzie 1997), although this 
is not invariably the case either for Indo-West Pacific marine species (e.g. Barber et al. 
2000; Barber et al. 2002) or in more general terms (see Garner et al. 2004). 
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The likely basis for the reduced levels of neutral genetic diversity in Portunus pelagicus 
in each of south-western Australia and South Australian waters is explored below (see 
section 5.4.4, demographic history). 
 
5.4.3  Phylogeography 
 
Of the five major types of phylogeographical pattern introduced by Avise et al. (1987) 
and modified by Avise (2000), the pattern indicated for Portunus pelagicus in 
Australian waters conforms most closely to a category V pattern. This pattern is 
characterised by the presence of a shallow gene tree, with lineages showing varied 
geographical distributions. Shallow phylogenies, with weak, if any, geographical 
structuring may, on average, be relatively common in marine species, particularly 
teleosts (see Avise 2000). However, overall, a variety of phylogeographical patterns 
have been reported for marine species in general and marine invertebrates in particular 
(see Avise 2000). Some Indo-West Pacific marine crustaceans have been shown to 
exhibit relatively deep phylogenetic breaks and strong geographical structuring, e.g. 
significant sub-division between the Indian versus Pacific oceans (Lavery et al. 1996b; 
Gopurenko  et al. 1999; Barber et al. 2002; Gopurenko & Hughes 2002), but the 
available data are too few to draw meaningful general conclusions in this regard. In any 
case, the shallow phylogenetic structure of P. pelagicus in Australian waters suggests a 
recent common ancestry for the assemblages of this species in these waters. 
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5.4.4  Demographic History  
 
In general, a category V phylogeographical pattern is believed to be indicative of a 
species with relatively strong historical links, coupled with relatively weak 
contemporary ones, over the spatial range of the pattern (see Avise 2000). The results of 
the nested clade analysis, and the traditional assessments of the population in Chapters 3 
and 4 in this thesis, suggest that this is in fact the case for Portunus pelagicus in 
Australian waters. More specifically, these results strongly suggest that range 
expansion, coupled with significant restrictions to gene flow within the expanded range, 
have been/are the predominant factors in the historical and contemporary demography 
of this species in these waters.   
 
Logically one would predict that a warm water species, such as Portunus pelagicus, 
would colonise Australian waters from north to south. This certainly appears to have 
been the case for several other species (e.g. Chenoweth 1999; Rodriguez-Lanetty & 
Hoegh-Guldberg 2002; Chenoweth & Hughes 2003; Gopurenko et al. 2003), although 
relevant data are available for only a very small number of species. In any case, the 
genetic evidence generally supports this idea for P. pelagicus and the associated details 
for each of the three main sampling regions, i.e. the eastern seaboard and western 
seaboard of Australia and South Australia, are considered below. 
 
The genetic evidence suggests that Portunus pelagicus has undergone a more or less 
gradual southwards expansion of its range along the western seaboard of Australia but 
with limited penetrance (at least thus far) into south-western Australia (≡ temperate 
waters on the western seaboard). This suggestion/prediction has three components,    Chapter 5 
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namely the mode of colonisation (gradual expansion), the direction of the expansion 
(southwards), and limited penetrance to the southern margin. The gradual expansion is 
suggested by the results of the nested clade analysis via a finding of contiguous range 
expansion for each of two one-step clades that were restricted to the samples from the 
western seaboard but were widespread in the western seaboard samples and were the 
only two that were represented in the samples from the south-western Australia. The 
evidence of the southwards expansion but with limited penetrance into south-western 
seaboard was intertwined as follows. In contrast to those from further to the north/at 
lower latitudes on the western seaboard, the samples of P. pelagicus from south-western 
seaboard contained: (i) low levels of genetic diversity; (ii) values of M that were lower 
than the value of Mc, indicating the effects of a bottleneck (or founder event) and (iii) 
positive values of ln β, indicating the effects of an expansion in population size after a 
bottleneck (or founder effect). Furthermore, the COI haplotypes present in the samples 
of P. pelagicus from south-western seaboard were a subset of those in the samples from 
further north on the western seaboard (but not of those elsewhere). (NB. This was also 
essentially true in the case of the microsatellite alleles (data not presented)). These are 
exactly the characteristics that one would expect to find if P. pelagicus had colonised 
temperate waters on the western seaboard via a small number of founders from further 
north on this coastline (see Wares & Cunningham 2001).   
 
It seems logical to predict a similar southwards range expansion of Portunus pelagicus 
along the eastern seaboard of Australia, although the genetic evidence was not as neat as 
for the western seaboard. Assuming that a southwards expansion has taken place, there 
appears to have been sufficient historical and/or contemporary gene flow along this 
coastline to carry significant amounts of diversity into relatively high latitude sites on    Chapter 5 
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this coastline. Interestingly, the nested clade analysis gave a finding of restricted gene 
flow with isolation by distance for each of two one-step clades with distributions that 
appeared to be centered on the eastern seaboard. This finding is consistent with the 
claim that: (i) nested clade analysis can provide a more sensitive assay of population 
genetic sub-division than traditional measures of population structure (see Templeton et 
al. 1992, 1995); and (ii) stepping stone dispersal may play a critical role in promoting 
genetic homogeneity in P. pelagicus on the eastern seaboard of Australia (see section 
3.4.4.2.1). 
 
It is likely that Portunus pelagicus has colonised South Australia from the southern 
margins of the ‘regional population’ on the eastern seaboard of Australia and then from 
east to west coast region of South Australia, possibly involving some long distance 
colonisation. The evidence in support of this view is as follows. Firstly, the samples 
from South Australia contained the same genetic evidence of a bottleneck (or founder 
event) followed by an expansion in population size as did the samples from south-
western Australia (see above). Secondly, the COI diversity present in the samples from 
South Australian waters was essentially a subset of the diversity present on the eastern 
seaboard and the most common and widespread haplotype in South Australian waters 
was also present in the sample from Wallis Lake, which is at the southern extremity of 
the sampling range on the eastern seaboard, but not from elsewhere. Thirdly, the lowest 
levels of both COI and microsatellite diversity in P. pelagicus in South Australia were 
recorded from the most westerly of the sampling sites, i.e. the west coast region. 
Fourthly, given that P. pelagicus is apparently absent on the eastern seaboard south of 
about Eden (37˚04′S) and from the south-east tip of Australia to Gulf Saint Vincent in 
South Australia, it seems likely that this species colonised South Australian waters via    Chapter 5 
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long distance colonisation (as opposed to gradual range expansion) and/or at a time 
when coastal environments in these regions were more conducive to colonisation by P. 
pelagicus than they would appear to be in the present-day (see below). 
 
Bryars & Adams (1999) used the results of the allozyme-based study into the population 
structure of Portunus pelagicus to construct a different hypothesis regarding the 
demographic history of this species in South Australian waters. Specifically they 
suggest that a once widespread population of this species on the south coast of Australia 
has become progressively fragmented and localised such that it now persists only as 
isolated remnants in the Gulf Saint Vincent, Spencer Gulf and the west coast region in 
South Australia. They tentatively suggested that the fragmentation commenced with the 
isolation of this ‘south coast population’ from those on the eastern seaboard and western 
seaboard about 10,000 years ago in association with the onset of the effects of the 
Holocene marine transgression in this region. 
 
The above hypothesis of Bryars & Adams (1999) is not consistent with the genetic 
evidence of the current study, which was based upon genetic markers and analytical 
methods that are more appropriate for assessing demographic history than the traditional 
assessment of population genetic structure used by Bryars & Adams (see section 5.1). In 
this regard, three aspects of the current genetic evidence are noteworthy, as follows. 
Firstly, overall, the nested clade analysis indicates that range expansion, rather than 
fragmentation, is the predominant influence on the demography of Portunus pelagicus 
in Australian waters, although admittedly no definitive results were obtained for the two 
one-step clades present in South Australian waters. Secondly, the positive values of ln β 
indicate the South Australian assemblages have expanded in size after a bottleneck (or    Chapter 5 
   
   
   
  189
founder event), whereas the remnants of a population that has progressively fragmented 
during its recent history would not be expected to contain genetic evidence of an 
expansion in size. Thirdly, the COI variation present in South Australian waters was 
essentially a sub-set of that of the eastern seaboard. This is exactly as would be expected 
under a scenario of range expansion, whereas it is just one of many possible outcomes 
(and not the most likely one) that could occur under of a scenario of fragmentation. In 
addition, the hypothesis of Bryars & Adams invokes the presence of an expanded 
population of P. pelagicus on the south coast of Australia during the late Pleistocene, 
i.e. at a time when water temperatures would have been low and coastal environments 
sparse (due to lowered sea-levels) (see Lambeck & Nakada 1990; Harrison 1993; 
Yokoyama et al. 2001). 
 
Before completing this topic, it is important to consider the strength of the evidence 
underlying the view that Portunus pelagicus has undergone a range expansion event in 
Australian waters, as described above. Ostensibly, the most definitive evidence of such 
is provided by the results of the nested clade analysis. However, I note that: (i) the gaps 
in the sampling in waters at > 20°S, where P. pelagicus has a more or less continuous 
distribution, could have generated upward biases in the estimations of the nested clade 
distances and thereby biased the outcomes of the nested clade analysis (e.g. Rodriguez-
Lanetty & Hoegh-Guldberg 2002) and (ii) of the various historical events or processes 
that are detectable by the nested clade analysis, range expansion appears to be the most 
problematic (Templeton, 1998). On the other hand, I also note that Templeton (1998) 
examined the ability of the nested clade analysis to accurately detect range expansion 
events, using a range of data sets, including ones with large sampling gaps, and 
concluded that the analysis was generally robust in this regard. Furthermore and most    Chapter 5 
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importantly, in this particular case, all of the available genetic (both microsatellite and 
mtDNA) and environmental data (see above, this section) are consistent with the view 
that P. pelagicus has expanded its range from north to south in Australian waters, as 
described above. In summary, although not irrefutable, the evidence in support of this 
view seems solid.  
 
The basis for and timing of the proposed expansion of the range of Portunus pelagicus 
in Australian waters cannot be unequivocally established on the basis of the information 
contained in this chapter. However, four relevant points can be made, as follows. 
 
Firstly, the shallow phylogeny and sharing of a significant number COI haplotypes (and 
also microsatellite alleles) between the eastern seaboard and western seaboard implies 
that  Portunus pelagicus expanded into both of these regions from a single source 
during/after the Holocene marine transgression, i.e. from about 10,000 years ago. This 
correlates with the fact that: (i) the estuaries and sheltered coastal environments 
currently inhabited by P. pelagicus were essentially formed during this transgression 
(see Kench 1999); (ii) in the Pleistocene (i.e. the period that ended immediately prior to 
this transgression) there were prolonged stands of lowered sea-level, during which, due 
to the physical structure of the coastline, sheltered coastal environments in general may 
have been rare/absent over large areas (i.e. eastern seaboard) (see Maxwell 1968; 
Parvey 1997; Yokoyama et al. 2001; Chenoweth & Hughes 2003); and (iii) the Torres 
Strait, the only direct sea route between the western and eastern seaboards of Australia 
via northern Australia, was most recently opened via this transgression about 7,000 
years ago, after being repeatedly blocked via an emergent landbridge for much of the 
last 100,000 years (see Torgersen et al. 1985; Chappell & Shackleton 1986). Certainly,    Chapter 5 
   
   
   
  191
mainly on the basis that it is represented in Australian waters by divergent ‘western’ and 
‘eastern’ clades, the mud crab, Scylla serrata (which has many biological traits in 
common with P. pelagicus), has been inferred to have a long (i.e. Pleistocene) history in 
northern Australian waters to the west of the Torres Strait (western clade) and to have 
colonised to the waters to the east of the Torres Strait independently of this western 
clade (see Gopurenko & Hughes 2002). 
 
Secondly, related to point 1 above, a broad range of species from a variety of 
environments and locations have been inferred to have expanded their range during the 
Holocene period in either direct and/or indirect response to changes associated with the 
transition from a glacial to a warmer climate (see Hewitt 1996). This seems logical, 
although it is important to remember that the evidence for such is virtually always 
circumstantial. In the case of coastal species such as Portunus pelagicus, presumably 
the general rise in sea-level, increase in water temperature and/or the opening of new 
habitats that characterise the Holocene period have been paramount in facilitating their 
range expansion (e.g. Chenoweth 1999; Rodriguez-Lanetty & Hoegh-Guldberg 2002; 
Wörheide et al. 2002; Chenoweth & Hughes 2003). 
 
Thirdly, in order to colonise the waters of South Australia from the eastern seaboard (or 
even the western seaboard) of Australia, Portunus pelagicus must have moved 
relatively large distances through increasingly temperate waters. A time period during 
which this may have occurred is the middle- to late-stages of the Holocene (i.e. ~4,700 
to 3,600 years ago) when relatively high sea levels (~2 m above the present level) and 
water temperatures (~2ºC warmer than at present) (see Baker et al. 2001) could have 
facilitated the movements of the colonists.    Chapter 5 
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Fourthly, the presence of Portunus pelagicus in South Australian waters may predate 
the presence of this species in south-western Australia. This supposition is suggested by 
the fact that P. pelagicus appears to have undergone in situ divergence in South 
Australian waters (suggested by the two COI haplotypes that were unique to these 
waters) but not in south-western Australia waters from which no unique haplotypes 
were found. This would imply that P. pelagicus has expanded along the eastern 
seaboard of Australia much more rapidly than along the western seaboard, which is 
consistent with the lack of population genetic sub-division in this species on the eastern 
seaboard as reported in Chapters 3 and 4. Since there were apparently no unique COI 
haplotypes, and even virtually no unique microsatellite alleles, it would seem that the 
expansion off P. pelagicus in south-western Australia is in fact very recent on an 
evolutionary time-scale. In this regard, it is noteworthy that the mud crab, Scylla 
serrata, apparently colonised south-western Australia from lower latitude sites on the 
western seaboard as recently as 1999/2000, in association with a particularly strong 
Leeuwin Current during this time (Gopurenko et al. 2003). The exact details of the 
situation regarding P. pelagicus are different. For example, P. pelagicus has been 
present in economically significant numbers in south-western Australia since at least the 
1960’s (Kailola et al. 1993). However, in more general terms, the mud crab example 
realises the potential for atypical, but not necessarily exceptional, environmental 
conditions to facilitate an expansion of the geographical range of a species. 
 
5.4.5  Conclusions 
 
In combination, the results of this chapter indicate that Portunus pelagicus has gradually 
and recently (in an evolutionary sense) expanded its geographical range in Australian    Chapter 5 
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waters. It appears to have colonised the western and eastern seaboards of this continent 
at approximately the same time(s) and subsequently expanded its range, from north to 
south, along both of these coastlines. Overall, there appear to have been fewer barriers 
to the extent of this expansion along the eastern seaboard compared to the western 
seaboard. Associated with this, P. pelagicus appears to have colonised South Australian 
waters from the southern margins of its distribution on the eastern seaboard, probably 
via long-distance colonisation (as opposed to contiguous range expansion). It is not 
possible to ascribe a definitive cause and timing to this range expansion but it is highly 
likely to have occurred relatively recently in an evolutionary sense, i.e. during the 
Holocene perhaps in association with climatic and/or sea-level fluctuations that 
characterise this period. Furthermore, the results of the nested clade analysis, together 
with those of the traditional assessment of the population genetic structure of this 
species in Australian waters as presented in Chapters 3 and 4, strongly suggest that that 
P. pelagicus experiences significant barriers to gene flow, including ‘isolation-by-
distance effects’, within this expanded range.    Chapter  6 
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CHAPTER 6. GENERAL CONCLUSIONS 
The purpose of this final chapter is to summarize the main conclusions of the individual 
data chapters. This study used the patterns of variation at six microsatellite loci and in a 
342 bp fragment of the COI gene in the mtDNA to investigate the population genetic 
structure of Portunus pelagicus in Australian waters. The results of this study indicate 
the following. 
 
∗  The population genetic structure of Portunus pelagicus is sub-divided over a 
range of spatial scales in Australian waters. Thus, the results of this study add to an 
increasing body of evidence that challenges the simplistic notion that marine species 
with life-cycles that include a ‘significant’ planktonic phase will be genetically 
homogeneous over relatively large spatial scales (see Hedgecock 1986; Avise 1994; 
Palumbi 1994; Hilbish 1996). 
 
∗  The levels of population genetic sub-division in Portunus pelagicus in 
Australian waters vary within and among geographic regions. For example, while 
assemblages within the sampled region of the eastern seaboard appear to be genetically 
homogeneous, most of those within the sampled region of the western seaboard appear 
to be each genetically distinctive. Furthermore, the extent of the genetic differences 
between the assemblages in low latitude waters on the western seaboard versus those in 
temperate waters on the western seaboard seem to be greater than those between these 
low-latitude western seaboard assemblages and assemblages on the eastern seaboard. To 
my knowledge, no data concerning the population genetic structure of a ‘tropical’    Chapter  6 
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marine species along similar sections of the eastern and western seaboards of Australia 
are available for comparison. Thus, the generality of this finding is not clear, although it 
seems likely that the proposed barriers to gene flow in P. pelagicus along the western 
seaboard (see below) would also retard gene flow in many other coastal species. 
 
∗  The greatest levels of population genetic sub-division in Portunus pelagicus 
seem to be between assemblages in temperate waters on the western seaboard versus 
those from elsewhere and between assemblages in temperate South Australian waters 
versus those from elsewhere. Similarly, a range of marine species has been reported to 
exhibit relatively high levels of population sub-division at the peripheries of their 
geographic range (e.g. Lavery et al. 1996a; Palumbi et al. 1997; Williams & Benzie 
1997), although this is not invariably the case (e.g. Barber et al. 2000; Barber et al. 
2002). 
 
∗  On the basis of the spatial patterns of genetic differentiation, it appears that the 
detected population genetic differentiation in Portunus pelagicus in Australian waters is 
promoted by: (i) an extensive geographic distance relative to the usual dispersal distance 
of individuals; (ii) discontinuities in the distribution of the sheltered coastal 
environments required by the adult and juvenile crabs; (iii) hydrological barriers to 
dispersal and (iv) possibly also relatively low temperatures at the southern margins of 
its range. Discontinuities in the distribution of sheltered coastal environment, and to a 
lesser extent the closed circulation patterns of certain water bodies, appear to be 
particularly important in promoting genetic differentiation/restricting gene flow in P. 
pelagicus along the western seaboard of Australia. 
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∗  Other studies have similarly deduced that habitat discontinuities can play an 
important role in promoting genetic differentiation/restricting gene flow in coastal 
species with limited or moderate powers of dispersal (e.g. Riginos & Nachman 2001). 
Likewise, other studies have concluded that the closed circulation of certain embayment 
(e.g. Perrin et al. 2004) or isolation by distance (e.g. Planes & Fauvelot 2002) are 
important in promoting genetic differentiation/restricting gene flow in coastal species. 
 
∗  Portunus pelagicus apparently comprises a diverse array of COI haplotypes in 
Australian waters, although the levels of both COI and microsatellite diversity appear to 
be reduced in temperate waters on the western seaboard and in South Australia 
(although no evidence of such was apparent for temperate waters on the eastern 
seaboard). Thus, these reduced levels of diversity were coincident with the high level of 
population genetic sub-division in this species that was associated with each of these 
locations (see above). Furthermore, the patterns of microsatellite diversity in the 
assemblages in each of these locations were indicative of a demographic history 
characterised by a bottleneck (or founder event) post-ceded by an expansion in 
numbers. 
 
∗  The phylogeographic structure of Portunus pelagicus in Australian waters was 
shallow with only weak geographical structuring, which is a common pattern in marine 
species (see Avise 2000). The phylogeographical, and other genetic, data indicate that 
P. pelagicus has recently expanded its geographical range into the eastern and western 
seaboards of Australia from a single (low latitude) source. Subsequently, this species 
appears to have gradually moved from north to south along the western seaboard of 
Australia, but with limited penetrance of the individuals/genetic variation into temperate    Chapter  6 
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waters on this coastline (hence the reduced diversity and high levels of population 
genetic sub-division associated with this location). The demographic history of P. 
pelagicus on the eastern seaboard and in South Australian waters is less clear but 
appears to include a similar (and less restricted) movement of individuals from north to 
south along the eastern seaboard and from there the colonisation of South Australian 
waters via a small number of individuals (and hence the reduced diversity and high 
levels of population genetic sub-division associated with this location). 
 
∗  The basis for and the timing of the proposed range expansion of Portunus 
pelagicus in Australian waters could not be unequivocally established but is likely to 
have been facilitated by the sea-level fluctuations, and the concomitant changes in 
coastal environments, that occurred during the Holocene period. In general, these 
aspects of the Holocene environment are believed to have had a major impact on the 
population genetic structure and demographic histories of a range of coastal species in 
Australian and other waters (e.g. Chenoweth 1999; Rodriguez-Lanetty & Hoegh-
Guldberg 2002; Wörheide et al. 2002; Chenoweth & Hughes 2003). 
 
∗  The population genetic structure of Portunus pelagicus in Australian waters has 
now been investigated using microsatellite markers (the present study), COI (mtDNA) 
markers (the present study) and allozyme markers (the study of Bryars & Adams 1999).  
In general, the results regarding the population genetic structure of this species in these 
waters produced by these three different types of genetic markers were comparable. 
However, (i) the microsatellite markers, especially the dinucleotide loci, revealed the 
highest levels of population genetic sub-division in this species in these waters; and (ii) 
the COI sequence data, particularly when used in combination with a nested clade    Chapter  6 
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analysis, revealed precise information about the demographic history of this species in 
these waters that would have otherwise not been apparent. 
 
∗  In summary, the information generated by this study about the population 
genetic structure of Portunus pelagicus in Australian waters indicates: (i) the presence 
of relatively strong historical links among the assemblages of this species throughout its 
range in Australian waters – most likely by virtue of a Holocene range expansion from a 
common source; and (ii) the presence of some significant barriers to gene exchange in 
this species within its expanded range in the present-day environment. 
 
*  Finally, the results suggest that the population genetic structure of Portunus 
pelagicus in Australian waters is very dynamic, at least over evolutionary time-scales, 
as is probably typically the case for coastal species (Hewitt 1996). The nature and extent 
of the changes that take place in such over ecological time-scales were not addressed by 
this study but would be an interesting topic for future research. With regards to future 
research, it is also worth noting that the present study documented the population 
genetic structure of P. pelagicus over only a relatively small portion of its broad 
geographic range. It is clearly very desirable to obtain detailed information about the 
population genetic structure of this species at latitudes < 20°S in Australian waters and 
beyond. 
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APPENDIX 
Table A.1 The distribution and abundance of the allelic counts at pPp02 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1.  
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
141 - -  -  -  5  - - - - -  -  - -  -  -  -  -  - 
137 - -  -  -  1  - - - - -  -  - -  -  -  -  -  - 
135 - -  -  -  2  - - - - -  -  - -  -  -  -  -  - 
131 -  1  1  -  -  - - 1 - -  -  - - 1  1  1  -  - 
129  - 4 3 1 1 1 -  -  -  -  -  2 -  4  5  3  1  1 
127 5  2  5  3  1  2 - - - -  -  - -  -  -  -  1  - 
125  - - - - - -  -  1 -  1  -  - -  -  -  -  -  - 
123  - - - - - -  -  1 -  1  -  - -  -  -  -  -  - 
121 - -  -  -  2  - - - - -  -  - -  -  -  -  -  - 
119 - -  -  1  2  - - 1 - -  -  - -  -  -  -  -  - 
117 -  1  3  1  -  - - - 1 -  -  - - 1  -  1  -  - 
115 - -  -  1  4  - - - - -  -  - -  -  -  -  -  - 
113  - 2 - 2 1 2 1  1 1  -  -  - -  -  -  -  -  - 
111  5  8 21 2  4  1  1  -  -  -  -  1  -  -  -  -  -  - 
109 1  5  1  6  6  - - 1 - 1  -  1 -  1  -  -  -  - 
107 - -  -  -  3  1 - 1 4 -  -  3  1 -  1  2  -  - 
105 - -  -  1  -  - - - 2 -  -  - -  -  -  1 4  2 
103 1 - - - 2 1 -  - 1 1  -  - - 10  14  14 16  - 
101  - - - 1 - 1 -  2 1 2  -  3 -  -  -  -  -  1 
99  - - - 1 3 -  -  1 5 2  -  3 -  -  2  1  1  3 
97  - - - - 4 2 -  4 2  -  1  - 3  -  -  -  2  - 
95  1 2 1 3 6 5  -  4 6  2  2  4 3  3  2  -  1  6 
93  1 1 - 1 7 5  -  7 15 9  4  5 2  6  8  5  4  11 
91  4  4 10 5  5  5  -  7  2  3  3  4  -  12  7  9  4  8 
89  1 3 5 2  15  5  -  6 10  10  7  4 2  1  3  1  1  - 
87  14 15  24 9 17 6  -  14 20 10  16  7  1  1  2  1  4  2 
85 5  7  3  17  24  12  -  15  29  9 14  25  3  21  7 12  17  20 
83  4  14 14 18 22  5  -  4  21  10  15  13  6  12  22  19  9  2 
81  35 33 60 39 33 11  -  18  21  12  13  22  8  17  7  8  22  4 
79  - -  3  1  2  - - - - -  -  - - 1  -  -  2  - 
77  - - - - 1 -  -  - 1 1  -  1 -  -  -  -  -  - 
75  - - - - - -  -  -  -  -  1  - -  -  -  -  -  - 
73  - -  -  2  1  - - - - -  1 1  -  -  -  -  -  - 
71  - - 3 - 1 1  -  -  -  -  -  - -  -  -  1  -  - 
69  13 12 17 13 11  4  -  3  6  2  1  3  1  1  3  1  1  -    
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Table A.2 The distribution and abundance of the allelic counts at pPp04 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1.  
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
306 - -  -  -  1  - - - - -  -  - -  -  -  -  -  - 
290  - - - - - -  -  -  -  -  -  - -  -  -  -  -  1 
286 - -  -  -  1  - - - - -  -  - -  -  -  -  -  - 
284  - - - - - -  -  -  -  -  -  - -  -  -  1  2  - 
282  - - - - - -  -  1 -  -  -  - -  -  -  3  5  - 
280  - - - - - -  -  -  -  -  -  - -  3  1  10 7  - 
278 - -  -  1  -  1 - - - -  -  - - 2  1  1 2  - 
276 - -  -  -  2  1 - 1 - -  -  - - 1  -  -  1  - 
274  1 4 1 - - -  -  -  -  1  -  - -  -  -  2  -  - 
272  8 9 - 4 - 2  -  -  -  -  -  - -  1  1  1  -  - 
270 - -  -  5  -  1 - - - -  -  - - 1  -  1 1  - 
268 -  1  3  2  2  - - - - 1  -  - -  -  -  -  -  - 
266 - -  14  - 2  2 1 2 4 1  1  1 1  -  -  1  -  - 
264  1 4 - 2  12  1  -  3 3  3  -  - -  -  -  -  -  - 
262 1 -  2  2  5  3 - 1 3 1  -  3  1  -  -  2  1  - 
260  4 4 - 8 3 2  -  3  -  4  -  2 -  -  -  -  -  - 
258  40 40 4 38 4  5  1  2  5  1  4  1  -  -  -  -  -  - 
256  5 9 -  13  7 8  -  2 7  1  1  3 1  -  -  -  -  - 
254 7  6  6  13  8  5 - 8 8 6  5 4 -  1  3  1  3  - 
252  16 25 46 19 20  5  3  15  20  7  18  21  1  9  10  4  3  19 
250  11  9  23 11 26 14  1  13  32  27  18  21  4  12  17  5  18  17 
248 1 -  13  2  16  11  - 7 8 2  4 1  5 6  16  4  6  6 
246 1  -  18  2  15  1 - 6  12  2  - 7  3  46  35 34  36 7 
244 - -  14  3  23  2 - 7  16  6  9 8  3 6  3  11  13  - 
242  4 5 - 6  10  6  - 13  10 7  12  4 1  -  -  -  -  - 
240 - - 2  3  2  3 1 2 1 1  1  6 3  1  1  -  1  - 
238 - - 1  2  5  2 1 2 2 1  -  1 -  -  -  -  -  - 
236 - -  11  1  7  1 - 2 5 3  2 5  1 -  -  -  -  - 
234 - -  -  -  4  2 - 1  10  1  2 4  1 -  1  -  -  - 
232  - - - - 1 -  -  - 1  -  -  - 5  -  -  -  -  - 
230  - - - - - -  -  - 2  -  -  2 -  -  -  1  3  - 
228 - -  -  1  4  - - 1 3 -  1 - - 7  1  -  1  - 
226 - -  -  -  1  - - - - -  -  - -  -  -  -  1  - 
222 - -  -  -  1  - - - - -  -  - -  -  -  -  -  -    
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Table A.3 The distribution and abundance of the allelic counts at pPp08 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1.  
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
94  - - - - - 0 -  - 1 2  2  - -  -  -  -  -  - 
93  - - - 3 4 2 -  2 3 -  2  1 1  -  -  1  -  1 
92  1 3  2  3 7 6 -  1 2 -  -  - -  -  1  -  -  - 
91  44  47  76  36  4  7  - 2  5 - 1 2  - 7  14 2 4  1 
90  2 4 3 4 9 7  1  9 11 10 12  9 -  25  17  10 10  20 
89  53  56  84  69  102  14 -  5 13  10 14  7 5  9  8  8  11  24 
88  -  -  3  6  19  6 - 8  13  2  4 10  4 38  30 47  51 9 
87 -  2  4  2  10  22  2  21  30  12  19  22  7 -  -  - -  - 
86 -  -  -  -  3  3  3  5  14  5 4  13  2 1  -  4 -  - 
85 -  -  -  3  7  6  -  19  38  23  16  20  7  20 29 4  10 9 
84 -  -  -  -  -  -  -  3  3  3 1 1  - -  1  - 2  - 
83  - - - - - - 1 1 3 7  1  3 -  -  -  -  -  - 
82 -  -  -  -  2  -  1  -  - - - -  - -  -  2 -  - 
81  - - - 1 2 - -  - -  -  -  - -  -  -  -  -  - 
79 -  2  4  5  3  3  - -  - - - -  - -  -  - -  -    
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Table A.4 The distribution and abundance of the allelic counts at pPp09 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1.  
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
187  - - - - - -  -  1 -  -  -  - -  -  -  -  -  - 
181 8  17  25  11  2  - - - - 1  -  - -  -  -  -  -  - 
179 - -  -  -  2  - - 4 2 -  -  2  1 -  -  -  -  - 
177  - - - - 1 3 -  3 1  -  1  2 -  -  -  -  -  - 
175  - - - - - 3 -  2 5 1  2  4 5  -  -  -  -  - 
173  - - - - - 1 -  3 3 2  3  5 -  -  -  1  -  - 
171  1 1 4 - 4 5  -  -  6  2  2  1 -  -  -  -  3  - 
169 - -  -  -  6  3 - 6  11  3  4 4  1 9  12  5 12  - 
167  - - - 1  10  4 -  6 11 4  3  3 -  3  5  3  2  1 
165 1  2  1  4  7  1 - 4 6 4  3 4 -  -  1  -  1  - 
163  12  8  16 17 22  4  -  6  11  5  11  7  2  7  10  3  11  1 
161  30 28 41 31 25  6  -  2  17  4  1  12  4  35  31  35  34  36 
159  6  2  14 15 25  9  4  19  26  20  18  15  5  24  20  13  24  22 
157  7 11  17 5 12 9  2  12 12  7  5  5  3  2  -  -  -  - 
155  14 14 19 17 24 10  2  11  15  10  4  5  3  10  11  2  8  - 
153  21 11 27 24 19  8  -  6  8  4  4  8  2  -  -  -  -  - 
151  - - - 1 2 3 -  3 4  -  4  1 -  -  -  -  -  - 
149  - 1 - 1 2 -  -  1 4  1  -  - -  -  2  -  -  - 
147  - - - 3 9 4 -  1 3 3  7  2 -  2  3  1  -  - 
145  - - - - 3 3 -  1 1 1  -  1 -  -  -  -  -  - 
143  - - 2 - 6 1  -  -  -  1  -  - -  2  3  3  5  - 
141  - 1 - - 1 1 -  1 4 1  2  2 -  -  -  -  -  - 
133  - - - - - -  -  -  -  -  -  1 -  -  -  -  -  -    
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Table A.5 The distribution and abundance of the allelic counts at pPp18 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1 
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
157 - - - - - - -  - -  -  -  1 -  -  -  -  -  - 
139 - - - - - - - 2 -  -  -  1 -  -  -  -  -  - 
137 - - - -  1 - - 4 2 1  1  2 -  -  -  -  -  - 
135 - - - - - - - 1 5 2  3  1 -  -  -  -  -  - 
133 - - - -  1 - -  - -  -  -  - -  -  -  -  -  - 
131 - - - -  1  3 -  - 1 -  1  - -  -  -  -  -  - 
129 - - - - 1 - -  5 2 1  3  - -  -  -  -  -  - 
127 - - - - 2  2 -  2 2 2  3  - -  -  -  -  -  - 
125 - - - - -  2 - 1 7 5  1  4  2  -  -  -  -  - 
123 - - - -  2 - - 1 1 2  -  1 -  -  -  -  -  - 
121 - - - -  1 - - 3 1 1  -  2 -  -  -  -  -  - 
119 - - - - 4  1 -  1 2 -  -  - -  -  -  -  -  - 
117 1 - 1  1  -  1 - - 2 -  -  - -  -  -  -  -  - 
115 6  8  5  1  4  1 - - - -  -  2 - 29  17  2 10 24 
113  7 4 2 4  10  3 -  -  -  -  -  - 1 17  22  21 27  - 
111  3 5 4 5 8 -  -  1 -  -  -  1 -  4  6  -  2  7 
109 - - - 2  2  4 -  - -  -  -  - -  2  5  3  4  - 
107 - - - -  1  1 - 1 -  -  1  - -  -  -  -  3  4 
105  2 8 8 4 6 2 -  1 1  -  -  - -  -  -  -  -  - 
103 - - - - - - - 2 2 -  1  - 1  -  -  -  -  - 
101 - - - 2  3 - -  3 8 7  6 10  2  -  -  -  -  - 
99  11 19 18 14 21 9  -  4  8  2  3  5  1  2  3  -  1  - 
97  9 5 2 8  33  9 3 11  30  12 13 12  5  1  3  1  3  - 
95  2 8 4 1  10  4 2  7 7  2  3  2 3  4  5  2  5  6 
93 2  1  -  2  11  4  2  16  26  14  14  9  4  20  34 5  41  19 
91 53  53  117  46  43  19  1 5  15  9 11  12  4 16  5  42 4  - 
89 2  -  2  7  14  9  -  16  22  9 16  11  4 -  -  6 -  - 
87  - 1 7 2 2 1 -  -  1  2  1  3 -  1  -  -  -  - 
85  - - - - -  1 -  - 2 -  -  - -  -  -  -  -  - 
83  - - - -  1 - -  - -  -  -  - -  -  -  -  -  - 
81  - - - 1  1 - -  - -  -  -  - -  2  -  -  2  - 
79  - - - 2  1  1 -  5 5 5  1  7 3  -  -  -  -  -    
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Table A.6 The distribution and abundance of the allelic counts at pPp19 locus found in 
18 samples of Portunus pelagicus. For sample names see Table 2.1 
 
  Western Seaboard    Eastern Seaboard  South Australia 
Alleles GB PH CS PD SB EG DW MK HB MBi MBo WL PS GSVc GSVw SGe SGw WCR 
146 - - - 2  1  4 -  - -  -  -  - -  1  -  -  -  - 
142 53  67  106  73  72  36 1  3 4  3  1  3 2 47  53  27 58  26 
138  - - 1 2 3 3 7 39  59  37 32 44  13  -  -  -  -  - 
134  21 18 18 22 7  2  -  -  -  -  -  -  -  -  -  -  -  - 
130  8 13 29 37 65 33  -  30 65  32  41  39 11  48  39  25  38  30 